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FIELD OF THE INVENTION 

The present invention is directed generally to a system and method for locating people or objects, and in particular, to a 
system and method for locating a wireless mobile station using a plurality of simultaneously activated mobile station location 
estimators. 

BACKGROUND OF THE INVENTION 
Introduction 

Wireless communications systems are becoming increasingly important worldwide. Wireless cellular telecommunications 
systems are rapidly replacing conventional wire-based telecommunications systems in many applications. Cellular radio telephone 
networks ("CRT"), and specialized mobile radio-and mobile data radio networks are examples. The general principles of wireless 
cellular telephony have been described variously, for example in U. S. Patent 5,295,1 80 to Vendetti, et al, which is incorporated herein 
by reference. 

There is great interest in using existing infrastructures for wireless communication systems for locating people and/or 
objects in a cost effective manner. Such a capability would be invaluable in a variety of situations, especially in emergency or crime 
situations. Due to the substantial benefits of such a location system, several attempts have been made to design and implement such 
a system. 

Systems have been proposed that rely upon signal strength and trilateralization techniques to permit location include those 
disclosed in U.S. Patents 4,818,998 and 4,908,629 to Apsell et al. ("the Apsell patents") and 4,891.650 to Sheffer ("the Sheffer 
patent"). However, these systems have drawbacks that include high expense in that special purpose electronics are required, 
furthermore, the systems are generally only effective in line-of-sight conditions, such as rural settings. Radio wave surface 
reflections, refractions and ground clutter cause significant distortion, in determining the location of a signal source in most 
geographical areas that are more than sparsely populated. Moreover, these drawbacks are particularly exacerbated in dense urban 
canyon (city) areas, where errors and/or conflicts in location measurements can result in substantial inaccuracies. 

Another example of a location system using time of arrival and triangulation for location are satellite-based systems, such 
as the military and commercial versions of the Global Positioning Satellite system ("GPS"). GPS can provide accurate position 
determination (i.e., about 1 00 meters error for the commercial version of GPS) from a time-based signal received simultaneously 
from at least three satellites. A ground-based GPS receiver at or near the object to be located determines the difference between the 
time at which each satellite transmits a time signal and the time at which the signal is received and, based on the time differentials, 
determines the object's location. However, the GPS is impractical in many applications. The signal power levels from the satellites 
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are iow and the GPS receiver requires a clear, line-of-sight path to at least three satellites above a horizon of about 60 degrees for 
effective operation. Accordingly, inclement weather conditions, such as clouds, terrain features, such as hills and trees, and buildings 
restrict the ability of the GPS receiver to determine its position. Furthermore, the initial GPS signal detection process for a GPS 
receiver is relatively long (i.e., several minutes) for determining the receiver's position. Such delays are unacceptable in many 
applications such as, for example, emergency response and vehicle tracking. 

Differential GPS, or DGPS systems offer correction schemes to account for time synchronization drift. Such correction 
schemes include the transmission of correction signals over a two-way radio link or broadcast via FM radio station subcarriers. These 
systems have been found to be awkward and have met with limited success. 

Additionally, GPS-based location systems have been attempted in which the received GPS signals are transmitted to a 
central data center for performing location calculations. Such systems have also met with limited success. In brief, each of the 
various GPS embodiments have the same fundamental problems of limited reception of the satellite signals and added expense and 
complexity of the electronics required for an inexpensive location mobile station or handset for detecting and receiving the GPS 
signals from the satellites. 

Radio Propagation Background 

The behavior of a mobile radio signal in the general environment is unique and complicated. Efforts to perform 
correlations between radio signals and distance between a base station and a mobile station are similarly complex. Repeated attempts 
to solve this problem in the past have been met with only marginal success. Factors include terrain undulations, fixed and variable 
clutter, atmospheric conditions, internal radio characteristics of cellular and PCS systems, such as frequencies, antenna 
configurations, modulation schemes, diversity methods, and the physical geometries of direct, refracted and reflected waves between 
the base stations and the mobile. Noise, such as man-made externally sources (e.g., auto ignitions) and radio system co-channel and 
adjacent channel interference also affect radio reception and related performance measurements, such as the analog carrier-to- 
interference ratio (C/l), or digital energy-per-bit/Noise density ratio (£ b/No ) and are particular to various points in time and space 
domains. 

RF Propagation in Free Space 

Before discussing real world correlations between signals and distance, it is useful to review the theoretical premise, that of 
radio energy path loss across a pure isotropic vacuum propagation channel, and its dependencies within and among various 
communications channel types. Fig. I illustrates a definition of channel types arising in communications: 
Over the last forty years various mathematical expressions have been developed to assist the radio mobile cell designer in establishing 
the proper balance between base station capital investment and the quality of the radio link, typically using radio energy field- 
strength, usually measured in microvolts/meter, or decibels. 
First consider Hata's single ray model. A simplified radio channel can be described as: 
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(Equation I) 



where G; = system gain in decibels 

L p = free space path loss in dB, 
F = fade margin in dB, 

L f = transmission line loss from coaxials used to connect radio to antenna, in dB, 

L m = miscellaneous losses such as minor antenna misalignment, coaxial corrosion, increase in the receiver noise figure due 
to aging, in dB, 

L b = branching loss due to filter and circulator used to combine or split transmitter and receiver signals in a single 
antenna 

G t = gain of transmitting antenna 
G r = gain of receiving antenna 

Free space path loss 1 L p as discussed in Mobile Communications Design Fundamentals, William C Y. Lee, 2nd, Ed across the propagation channel 

is a function of distance d, frequency 

f (for f values < I GHz, such as the 890-9S0 mHz cellular band): 
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(equation 2) 



20 where P or = received power in free space 

= transmitting power 
c = speed of light, 



25 The difference between two received signal powers in free space, 



A, -('Wirt = (20)l°gf^-](<ffi) 



(equation 3) 
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indicates that the free propagation path loss is 20 dB per decade. Frequencies between I GHz and 2GHz experience increased values in 
the exponent, ranging from 2 to 4, or 20 to 40 dB/decade, which would be predicted for the new PCS 1.8-1.9 GHz band. 

5 This suggests that the free propagation path loss is 20 dB per decade. However, frequencies between I GHz and 2 GHz experience 
increased values in the exponent, ranging from 2 to 4, or 20 to 40 dB/decade, which would be predicted for the new PCS 1.8 - 1.9 GHz 



equation, giving rise to the creation of many empirical formulas for radio signal coverage prediction. Clutter, either fixed or 
stationary in geometric relation to the propagation of the radio signals, causes a shadow effect of blocking that perturbs the free 
space loss effect. Perhaps the best known model set that characterizes the average path loss is Hata's, "Empirical Formula for 
Propagation Loss in Land Mobile Radio", M. Hata, IEEE Transactions VT-29, pp. 317-325, August 1980, three pathloss models, based 
15 on Okumura's measurements in and around Tokyo, "Field Strength and its Variability in VHF and UHF Land Mobile Service", Y. 
Okumura, et al, Review of the Electrical Communications laboratory, Vol 16, pp 825-873, Sept. - Oct. 1968. 

The typical urban Hata model for L p was defined as L p = L hu : 



L Hu = 69.55 + 26.1 6 log(/) - 13.82 \og(h BS ) - a(h Afs ) + ((44.9 - 6.55 \og(H BS ) log(d)[dB]) 



band. One consequence from a location perspective is that the effective range of values for higher exponents is an increased at higher 
frequencies, thus providing improved granularity of ranging correlation. 



Environmental Clutter and RF Propagation Effects 
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Actual data collected in real-world environments uncovered huge variations with respect to the free space path loss 
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(Equation 4) 



whereL Hu = p at h loss, Hata urban 
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h BS = base station antenna height 

h MS= mobile station antenna height 
d = distance BS-MS in km 
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is a correction factor for small and medium sized cities, found to be: 
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1 log(/ - 0.7) V - 1-56 log(/ - 0.8) = aQi^ ) 



For large cities the correction factor was found to be: 



a < h MS> = 3.2 [log 11.75^] 2 -4.97 



assuming f is equal to or greater than 400 mHz. 



The typical suburban model correction was found to be: 
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(Equation 6) 



log| 



(3" 



5A[dB] 



(Equation 7) 



The typical rural model modified the urban formula differently, as seen below: 



L Hrurai = L Hu " 4 78 (log f) + 1 8.331og f- 40.94 [dB] (Equation 8) 

20 

Although the Hata model was found to be useful for generalized RF wave prediction in frequencies under I GHz in certain 
suburban and rural settings, as either the frequency and/or clutter increased, predictability decreased. In current practice, however, 
field technicians often have to make a guess for dense urban an suburban areas (applying whatever model seems best), then 
installing a base stations and begin taking manual measurements. Coverage problems can take up to a year to resolve. 



Relating Received Signal Strength to Location 

Having previously established a relationship between d and P or , reference equation 2 above: d represents the distance 
between the mobile station (MS) and the base station (BS); P 0 , represents the received power in free space) for a given set of 
unchanging environmental conditions, it may be possible to dynamically measure P or and then determine d. 

In 1991, U.S. Patent 5,055,851 to Sheffer taught that if three or more relationships have been established in a triangular 
space of three or more base stations (BSs) with a location database constructed having data related to possible mobile station (MS) 
locations, then arculation calculations may be performed, which use three distinct P or measurements to determine an X,Y, two 
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dimensional location, which can then be projected onto an area map. The triangulation calculation is based on the fact that the 
approximate distance of the mobile station (MS) from any base station (BS) cell can be calculated based on the received signal 
strength. Sheffer acknowledges that terrain variations affect accuracy, although as noted above, Sheffer's disclosure does not account 
for a sufficient number of variables, such as fixed and variable location shadow fading, which are typical in dense urban areas with 
moving traffic. 

Most field research before about 1988 has focused on characterizing (with the objective of RF coverage prediction) the Rf 
propagation channel (i.e„ electromagnetic radio waves) using a single-ray model, although standard fit errors in regressions proved 
dismal (e.g., 40-80 dB). Later, multi-ray models were proposed, and much later, certain behaviors were studied with radio and 
digital channels. In 1981, Vogler proposed that radio waves at higher frequencies could be modeled using optics principles. In 1988 
Walfisch and Bertoni applied optical methods to develop a two-ray model, which when compared to certain highly specific, controlled 
field data, provided extremely good regression fit standard errors of within 12 dB. 

In the Bertoni two ray model it was assumed that most cities would consist of a core of high-rise buildings surrounded by a 
much larger area having buildings of uniform height spread over regions comprising many square blocks, with street grids organizing 
buildings into rows that are nearly parallel. Rays penetrating buildings then emanating outside a building were neglected. Fig. 2 
provides a basis for the variables. 

After a lengthy analysis it was concluded that path loss was a function of three factors: (I) the path loss between antennas 
in free space; (2) the reduction of rooftop wave fields due to settling; and (3) the effect of diffraction of the rooftop fields down to 
ground level. The last two factors were summarily termed L,. X( g j ven by . 



L ex = 57.1 + A + log(/) + i?- ((18 1og(/7))- 18 log 

The influence of building geometry is contained in A: 

= 51og[(^) 2 ] -91ogd + 201og{tan [2 (h - H MS ) ] _1 } 

(Equation 10) 

However, a substantial difficulty with the two-ray model in practice is that it requires a substantial amount of data 
regarding building dimensions, geometries, street widths, antenna gain characteristics for every possible ray path, etc. Additionally, 
it requires an inordinate amount of computational resources and such a model is not easily updated or maintained. 

Unfortunately, in practice clutter geometries and building heights arc random. Moreover, data of sufficient detail has been 
extremely difficult to acquire, and regression standard fit errors are poor; i.e., in the general case, these errors were found to be 40- 
60 dB. Thus the two-ray model approach, although sometimes providing an improvement over single ray techniques, still did not 
predict RF signal characteristics in the general case to level of accuracy desired (< lOdB). 
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Work by Greenstein has since developed from the perspective of measurement-based regression models, as opposed to the 
previous approach of predicting-first, then performing measurement comparisons. Apparently yielding to the fact that low-power, 
low antenna (e.g., 12-25 feet above ground) height PCS microcell coverage was insufficient in urban buildings, Greenstein, et al, 
authored "Performance Evaluations for Urban Line-of-sight Microcells Using a Multi-ray Propagation Model", in IEEE Globecom 
5 Proceedings, 12/91. This paper proposed the idea of formulating regressions based on field measurements using small PCS microcells 
in a lineal microcell geometry (i.e., geometries in which there is always a line-of-sight (LOS) path between a subscriber's mobile and 
its current microsite). 

Additionally, Greenstein studied the communication channels variable Bit-Error-Rate (BER) in a spatial domain, which was 
a departure from previous research that limited field measurements to the RF propagation channel signal strength alone. However, 

10 Greenstein based his finding on two suspicious assumptions; I) he assumed that distance correlation estimates were identical for 
uplink and downlink transmission paths; and 2) modulation techniques would be transparent in terms of improved distance 
correlation conclusions. Although some data held very correlations, other data and environments produced poor results. Accordingly, 
his results appear unreliable for use in general location context. 

In 1993 Greenstein, et al, authored "A Measurement-Based Model for Predicting Coverage Areas of Urban Microcells", in 

15 the IEEE Journal On Selected Areas in Communications, Vol. 1 1, No. 7, 9/93. Greenstein reported a generic measurement-based model 
of RF attenuation in terms of constant-value contours surrounding a given low-power, low antenna microcell environment in a dense, 
rectilinear neighborhood, such as New York City. However, these contours were for the cellular frequency band. In this case, LOS and 
non-LOS clutter were considered for a given microcell site. A result of this analysis was that RF propagation losses (or attenuations), 
when cell antenna heights were relatively low, provided attenuation contours resembling a spline plane curve depicted as an asteroid, 

20 aligned with major street grid patterns. Further, Greenstein found that convex diamond-shaped RF propagation loss contours were a 
common occurrence in field measurements in a rectilinear urban area. The special plane curve asteroid is represented by the formula 
x w + y m = r™. However, these results alone have not been sufficiently robust and general to accurately locate an MS, due to the 
variable nature of urban clutter spatial arrangements.. 

At Telesis Technology in 1994 Howard Xia, et al, authored "Microcellular Propagation Characteristics for Personal 

25 Communications in Urban and Suburban Environments", in IEEE Transactions of Vehicular Technology, Vol. 43, No. 3, 8/94, which 
performed measurements specifically in the PCS 1.8 to 1.9 GHz frequency band. Xia found corresponding but more variable outcome 
results in San Francisco, Oakland (urban) and the Sunset and Mission Districts (suburban). 

Summary of Factors Affecting RF Propagation 

The physical radio propagation channel perturbs signal strength, frequency (causing rate changes, phase delay, signal to 
30 noise ratios (e.g., C/l for the analog case, or E b/No , RF energy per bit. over average noise density ratio for the digital case) and 
Doppler-shift. Signal strength is usually characterized by: 
• Free Space Path Loss (L p ) 
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■ Slow fading loss or margin (L,, w ) 

■ Fast fading loss or margin (L fat ) 

Loss due to slow fading includes shadowing due to clutter blockage (sometimes included in Lp). Fast fading is composed of 
multipart reflections which cause: I) deky spread; 2) random phase shift or Rayleigh fading; and 3) random frequency modulation 
due to different Doppler shifts on differenXpaths. 

Summing the path loss and the two fading margin loss components from the above yields a total path loss of: 

Referring to Fig. 3 ? the figure illustrates key components of a typical cellular and PCS power budget design process. The cell designer 
increases the transmitted power P TX by the shadow fading margin which is usually chosen to be within the 1-2 percentile of the 
slow fading probability density function (PDF) to minimize the probability of unsatisfactorily low received power level P^ at the 
receiver. The P^ level must have enough signal to noise energy level (e.g., 10 dB) to overcome the receiver's internal noise level (e.g M 
-IIBdBm in the case of cellular 0.9 GHz), for a minimum voice quality standard. Thus in the example P^ must never be below -108 
dBm, in order to maintain the quality standard. 

Additionally the short term fast signal fading due to multipart propagation is taken into account by deploying fast fading 
margin L^, which is typically also chosen to be a few percentiles of the fast fading distribution. The I to 2 percentiles compliment 
other network blockage guidelines. For example the cell base station traffic loading capacity and network transport facilities are 
usually designed for a 1-2 percentile blockage factor as well. However, in the worst-case scenario both fading margins are 
simultaneously exceeded, thus causing a fading margin overload. 

In Roy , Steele's, text, Mobile Radio Communications, IEEE Press, 1992, estimates for a GSM system operating in the 1.8 
GHz band with a transmitter antenna height of 6.4m and an MS receiver antenna height of 2m, and assumptions regarding total 
path loss, transmitter power would be calculated as follows: 
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Table I: GSM Power Budget Example 



Parameter 


dBm value 


Will ran i lira 
■ Till icijuilc 


L$low 


14 




L fast 


7 




Ll path 


110 




Min. RX pwr required 


-104 








TXpwr = 27 dBm 



Steele's sample size in a specific urban London area of 80,000 LOS measurements and data reduction found a slow fading variance of 
o = 7dB 

10 assuming lognormal slow fading PDF and allowing for a 1.4% slow fading margin overload, thus 

slow = 2a = 14dB 
The fast fading margin was determined to be: 

15 L f ast - 7dB 

In contrast, Xia's measurements in urban and suburban California at 1.8 GHz uncovered flat-land shadow fades 
on the order of 25-30 dB when the mobile station (MS) receiver was traveling from LOS to non-LOS geometries. In hilly terrain fades 
of + 5 to -50 dB were experienced. Thus it is evident that attempts to correlate signal strength with MS ranging distance suggest that 
error ranges could not be expected to improve below 14 dB, with a high side of 25 to 50 dB. Based on 20 to 40 dB per decad^ 
20 Corresponding error ranges for the distance variable would then be on the order of 900 feet to several thousand feet, depending upon 
the particular environmental topology and the transmitter and receiver geometries. 
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SUMMARY OF THE INVENTION 

OBJECTS OF THE INVENTION 

It is an objective of the present invention to provide a system and method for to wireless telecommunication systems for 
accurately locating people and/or objects in a lost effective manner. Additionally, it is an objective of the present invention to provide 
such location capabilities using the measurements from wireless signals communicated between mobile stations and a network of base 
stations, wherein the same communication standard or protocol is utilized for location as is used by the network of base stations for 
providing wireless communications with mobile stations for other purposes such as voice communication and/or visual 
communication (such as text paging, graphical or Video communications). Related objectives for the present invention include 
providing a system and method that: \ 

(IJ) can be readily incorporated into existing tommercial wireless telephony systems with few, if any, modifications of a typical 
telephony wireless infrastructure; \ 

(1.2) can use the native electronics of typical confrnercially available telephony wireless mobile stations (e.g., handsets) as 
location devices; \ 

(I J) can be used for effectively locating people ani/or objects wherein there are few (if any) line-of-sight wireless receivers for 
receiving location signals from a mobile station (herein ako denoted MS); 

(L4) can be used not only for decreasing location determining difficulties due to multipath phenomena but in fact uses such 
multipath for providing more accurate location estimates; \ 

(LS) can be used for integrating a wide variety of locatbn techniques in a straight-forward manner; and 

(L6) can substantially automatically adapt and/or (re)tkin and/or (re)calibrate itself according to changes in the environment 

and/or terrain of a geographical area where the present invenqpn is utilized. 

Yet another objective is to provide a low cost location system and method, adaptable to wireless telephony systems, for 
using simultaneously a plurality of location techniques for synergistically increasing MS location accuracy and consistency, in 
particular, at least some of the following MS location techniques can be utilized by various embodiments of the present invention: 

(2.1) time-of-arrival wireless signal processing techniques; 

(2.2) time-difference-of-arrival wireless signal processing techniques; 

(23) adaptive wireless signal processing techniques having, for example, learning capabilities and including, for instance, 
artificial neural net and genetic algorithm processing; 

(2.4) signal processing techniques for matching MS location signals with wireless signal characteristics of known areas; 

(2.5) conflict resolution techniques for resolving conflicts in hypotheses for MS location estimates; 

(2.6) enhancement of MS location estimates through the use of both heuristics and historical data associating MS wireless signal 
characteristics with known locations and/or environmental conditions. 
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Yet another objective is to provide location estimates in terms of time vectors, which can be used to establish motion, 
speed, and an extrapolated next location in cases where the MS signal subsequently becomes unavailable. 



DEFINITIONS 

The following definitions are provided for convenience. In general, the definitions here are also defined elsewhere in this 
document as well. 

(3.1) The term "wireless" herein is, in general, an abbreviation for "digital wireless", and in particular, "wireless" refers to 
digital radio signaling using one of standard digital protocols such as COMA, NAMPS, AMPS. TDMA and GSM, as one skilled in the art 
will understand. 

(3.2) As used herein, the term "mobile station" (equivalently, MS) refers to a wireless device that is at least a transmitting 
device, and in most cases is also a wireless receiving device, such as a portable radio telephony handset. Note that in some contexts 
herein instead or in addition to MS, the following terms are also used: "personal station" (PS), and "location unit" (LU). In general, 
these terms may be considered synonymous. However, the later two terms may be used when referring to reduced functionality 
communication devices in comparison to a typical digital wireless mobile telephone. 

(33) The term, "infrastructure", denotes the network of telephony communication services, and more particularly, that portion 
of such a network that receives and processes wireless communications with wireless mobile stations. In particular, this infrastructure 
includes telephony wireless base stations (BS) such as those for raVio mobile communication systems based on CDMA, AMPS, NAMPS. 
TDMA, and GSM wherein the base stations provide a network of cooperative communication channels with an air interface with the 
MS, and a conventional telecommunications interface with a Mobile sVitch Center (MSQ. Thus, an MS user within an area serviced by 
the base stations may be provided with wireless communication throughout the area by user transparent communication transfers 
(i.e., "handoffs") between the user's MS and these base stations in orde\ to maintain effective telephony service. The mobile switch 
center (MSC) provides communications and control connectivity among blse stations and the public telephone network. 
(3.4) The phrase, "composite wireless signal characteristic values" denotes the result of aggregating and filtering a collection of 
measurements of wireless signal samples, wherein these samples are obtained from the wireless communication between an MS to be 
located and the base station infrastructure (e.g., a plurality of networked base stations). However, other phrases are also used herein 
to denote this collection of derived characteristic values depending on the context and the likely orientation of the reader, for 
example, when viewing these values from a wireless signal processing perspective of radio engineering, as in the descriptions of the 
subsequent Detailed Description sections concerned with the aspects of the present invention for receiving MS signal measurements 
from the base station infrastructure, the phrase typically used is: "RF signal measurements". Alternatively, from a data processing 
perspective, the phrases: "location signature cluster" and "location signal data" are used to describe signal characteristic values 
between the MS and the plurality of infrastructure base stations substantially simultaneously detecting MS transmissions. Moreover, 
since the location communications between an MS and the base station infrastructure typically include simultaneous communications 
with more than one base station, a related useful notion is that of a "location signature" which is the composite wireless signal 
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characteristic values for signal samples between an MS to be located and a single base station. Also, in some contexts, the phrases: 
"signal characteristic values" or "signal characteristic data" are used when either or both a location signature(s) and/or a location 
signature cluster(s) are intended. 



SUMMARY DISCUSSION 

The present invention relates to a wireless mobile station location system. In particular, such a wireless mobile station 
location system may be decomposed into: (i) a first low level wireless signal processing subsystem for receiving, organizing and 
conditioning low level wireless signal measurements frdm a network of base stations cooperatively linked for providing wireless 
communications with mobile stations (MSs); and (ii) a skond high level signal processing subsystem for performing high level data 
processing for providing most likelihood location estimateW mobile stations. 

More precisely, the present invention is fi novel signal processor that includes at least the functionality for the high signal 
processing subsystem mentioned hereinabove. Accordingly, assuming an appropriate ensemble of wireless signal measurements 
characterizing the wireless signal communications between a particular MS and a networked wireless base station infrastructure have 
been received and appropriately filtered of noise and W' 1 ^^^^ processing 
subsystem disclosed in a copending PCI patent applicaWtitled, "Wireless Location Using APhiraloy olKnerc^etworT 
Infrastructures," by F. W. LeBlanc, and the present appliLt(s)^ra^ being herein incorporated by 

reference), the present invention uses the output from suij a low level signal processing system for determining a most likely location 
estimate^ an MS. 

TitatTsrtme e - tfi c-f o llow ing steps are appropri a to kflp rf n rmed (p ff hy th P I pR I w rnppndinp application)- , 

(4.1) receiving signal data measurements corresponding to wireless communications between an MS to be located ' 
(herein also denoted the "target MS") and a wireless telephony infrastructure; 

(4.2) organizing and processing the signal data measurements received from a given target MS and surrounding BSs so 
that composite wireless signal characteristic values may be obtained from which target MS location estimates may 
be subsequently derived. In particular, the signal data measurements are ensembles of samples from the wireless 
signals received from the target MS by the base station infrastructure, wherein these samples are subsequently 
filtered using analog and digital spectral filtering. 

the present invention accomplishes the objectives mentioned above by the following steps: 

(4.3) providing the composite signal characteristic values to one or more MS location hypothesizing computational 
models (also denoted herein as "first order modk" and also "location estimating models"), wherein each such 
model subsequently determines one or more initialVtimates of the location of the target MS based on, for 
example, the signal processing techniques 2.1 through\2.3 above. Moreover, each of the models output MS location 
estimates having substantially identical data structures (each such data structure denoted a "location 
hypothesis"). Additionally, each location hypothesis may fto includes a confidence value indicating the likelihood 
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or probability that the target MS whos^location is desired resides in a corresponding location estimate for the 
targ^ MS; 

(4.4) adjusting or modifying location hypotheses output by the models according to, for example, 2,4 through 2.6 above 
so that the adjusted location hypotheses provide better target MS location estimates. In particular, such 
adjustments are performed on both the target MS location estimates of the location hypotheses as well as their 
corresponding confidences; and 
(4.4) subsequently computing a "most likely" target MS location estimate for outputting to a location requesting 
application such as 91 1 emergency, the fire or police departments, taxi services, etc Note that in computing the 
most likely target MS location estimate a plurality of location hypotheses may be taken into account. In fact, it is 
an important aspect of the present invention that the most likely MS location estimate is determined by 
computationally forming a composite MS location estimate utilizing such a plurality of location hypotheses so that, 
for example, location estimate similarities between location hypotheses can be effectively utilized. 

Referring now to (43) above, the filtered anAaggregated wireless signal characteristic values are provided to a number of 
location hypothesizing models (denoted First Order Models, or FOMs), each of which yields a location estimate or location hypothesis 
related to the location of the target MS. In particular, therti are location hypotheses for both providing estimates of where the target 
MS likely to be and where the target MS is not likely to be. Moreover, it is an aspect of the present invention that confidence values of 
the location hypotheses are provided as a continuous range ofreal numbers from, e.g., - I to I, wherein the most unlikely areas for 
locating the target MS are given a confidence value of -I, and tlte most likely areas for locating the target MS are given a confidence 
value of I. That is, confidence values that are larger indicate a hUer likelihood that the target MS is in the corresponding MS 
estimated area, wherein I indicates that the target MS is absolute!* NOT in the estimated area, 0 indicates a substantially neutral or 
unknown likelihood of the target MS being in the corresponding estimated area, and I indicates that the target MS is absolutely 
within the corresponding estimated area. 

Referring to (4.4) above, it is an aspect of the present invention to provide location hypothesis enhancing and evaluation 
techniques that can adjust target MS location estimates according to historical MS location data and/or adjust the confidence values 
of location hypotheses according to how consistent the corresponding target MS location estimate is: (a) with historical MS signal r 
characteristic values, (b) with various physical constraints, and (c) with various heuristics. In particular, the following capabilities 
are provided by the present invention: 

(5.1) a capability for enhancing the accuracy of an initial location hypothesis, H, generated by a first order model, FOM H , 
by using H as, essentially, a query or index into an historical data base (denoted herein as the location signature 
data base), wherein this data base includes: (a) a plurality of previously obtained location signature clusters (i.e., 
composite wireless signal characteristic values) such that for each such cluster there is an associated actual or 
verified MS locations where an MS communicated with the base station infrastructure for locating the MS, and (b) 

13 

it 



WO 98/10307 




PCT/US97/15892 



previous MS location hypothesis estimates from FOM H derived from each of the location signature clusters stored 
according to (a); 

(5.2) a capability for analyzing composite signal characteristic values of wireless communications between the target MS 
and the base station infrastructure, wherein such values are compared with composite signal characteristics values 
5 of known MS locations (these latter values being archived in the location signature data base). In one instance, the 

composite signal characteristic values used to generate various location hypotheses for the target MS are compared 
against wireless signal data of known MS locations stored in the location signature data base for determining the 
reliability of the location hypothesizing models for particular geographic areas and/or environmental conditions; 
(S3) a capability for reasoning about the likeliness of a location hypothesis wherein this reasoning capability uses 
10 heuristics and constraints based on physics and physical properties of the location geography; 

(5.4) an hypothesis generating capability for generating new location hypotheses from previous hypotheses. 
As also mentioned above in (2.3), the present invention utilizes adaptive signal processing techniques. One particularly 
important utilization of such techniques includes the automatic tuning of the present invention so that, e.g., such tuning can be 
applied to adjusting the values of location processing system parameters that affect the processing performed by the present 
15 invention. For example, such system parameters as those used for determining the size of a geographical area to be specified when 
retrieving location signal data of known MS locations from the historical (location signature) data base can substantially affect the 
location processing. In particular, a system parameter specifying a minimum size for such a geographical area may, if too large, 
cause unnecessary inaccuracies in locating an MS. Accordingly, to accomplish a tuning of such system parameters, an adaptation 
engine is included in the present invention for automatically adjusting or tuning parameters used by the present invention. Mote that 
20 in one embodiment, the adaptation engine is based on genetic algorithm techniques. 

A novel aspect of the present invention relies on the discovery that in many areas where MS location services are desired, 
the wireless signal measurements obtained from communications between the target MS and the base station infrastructure are 
extensive enough to provide sufficiently unique or peculiar values so that the pattern of values alone may identify the location of the 
target MS. Further, assuming a sufficient amount of such location identifying pattern information is captured in the composite 
25 wireless signal characteristic values for a target MS, and that there is a technique for matching such wireless signal patterns to 
geographical locations, then a FOM based on this technique may generate a reasonably accurate target MS location estimate. 
Moreover, if the present invention (e.g., the location signature data base) has captured sufficient wireless signal data from location 
communications between MSs and the base station infrastructure wherein the locations of the MSs are also verified and captured, then 
this captured data (e.g., location signatures) can be used to train or calibrate such models to associate the location of a target MS 
30 with the distinctive signal characteristics between the target MS and one or more base stations. Accordingly, the present invention 
includes one or more FOMs that may be generally denoted as classification models wherein such FOMs are trained or calibrated to 
associate particular composite wireless signal characteristic values with a geographical location where a target MS could likely 
generate the wireless signal samples from which the composite wireless signal characteristic values are derived. Further, the present 
invention includes the capability for training (calibrating) and retraining (recalibrating) such classification FOMs to automatically 
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maintain the accuracy of these models even though substantial changes to the radio coverage area may occur, such as the 
construction of a new high rise building or seasonal variations (due to, for example, foliage variations). 

Note that such classification FOMs that are trained or calibrated to identify target MS locations by the wireless signal 
patterns produced constitute a particularly novel aspect of the present invention. It is well known in the wireless telephony art that 
the phenomenon of signal multipart and shadow fading renders most analytical location computational techniques such as time-of- 
arrival (TOA) ortime-difference-of-arrival (TDOA) substantially useless in urban areas and particularly in dense urban areas. 
However, this same multipath phenomenon also may produce substantially distinct or peculiar signal measurement patterns, wherein 
such a pattern coincides with a relatively small geographical area. Thus, the present invention utilizes multipath as an advantage for 
increasing accuracy where for previous location systems multipath has been a source of substantial inaccuracies. Moreover, it is 
worthwhile to note that the utilization of classification FOMs in high multipath environments is especially advantageous in that high 
multipath environments are typically densely populated. Thus, since such environments are also capable of yielding a greater density 
of MS location signal data from MSs whose actual locations can be obtained, there can be a substantial amount of training or 
calibration data captured by the present invention for training or calibrating such classification FOMs and for progressively improving 
the MS location accuracy of such models. Moreover, since it is also a related aspect of the present invention to include a plurality 
stationary, low cost, low power "location detection base stations" (LBS), each having both restricted range MS detection capabilities 
and a built-in MS, a grid of such LBSs can be utilized for providing location signal data (from the built-in MS) for (re)training or 
( recalibrating such classification FOMs. 

In one embodiment of the present invention, one or more classification FOMs may each include a learning module such as 
an artificial neural network (ANN) for associating target MS location signal data with a target MS location estimate. Additionally, 
one or more classification FOMs may be statistical prediction models based on such statistical techniques as, for example, principle 
decomposition, partial least squares, or other regression techniques. 

It is a further aspect of the present invention that the personal communication system (PCS) infrastructures currently 
being developed by telecommunication providers offer an appropriate localized infrastructure base upon which to build various 
personal location systems (PLS) employing the present inventionLd/or utilizing the techniques disclosed herein. In particular, the 
present invention is especially suitable for the location of people aW objects using code division multiple access (CDMA) wireless 
infrastructures, although other wireless infrastructures, such as, time division multiple access (TDMA) infrastructures and GSM are 
also contemplated. Note that COMA personal communications systeL are described in the Telephone Industries Association standard 
IS-9S, for frequencies below I GHz, and in the Wideband Spread- SpeStrum Digital Cellular System Dual-Mode Mobile Station-Base 
Station Compatibility Standard, for frequencies in the 1.8-1.9 GHz frequency bands, both of which are incorporated herein by 
reference. Furthermore, CDMA general principles have also been described, for example, in U. S. p£fifJ9 ^toGilhlusl' M alf 
and CDMA Network Engineering Handbook by Qualcomm, Inc.. each of w\ich is also incorporated herein by reference. 

Notwithstanding the above mentioned CDMA references, a brief introduction of CDMA is given here. Briefly, CDMA is an 
electromagnetic signal modulation and multiple access scheme based on spread spectrum communication. Each CDMA signal 
corresponds to an unambiguous pseudorandom binary sequence for modulating the carrier signal throughout a predetermined 
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spectrum of bandwidth frequencies. Transmissions of individual CDMA signals are selected by correlation processing of a pseudonoise 
waveform. In particular, the CDMA signals are separately detected in a receiver by using a correlator, which accepts only signal 
energy from the selected binary sequence and despreads its spectrum. Thus, when a first CDMA signal is transmitted, the 
transmissions of unrelated CDMA signals correspond to pseudorandom sequences that do not match the first signal. Therefore, these 
other signals contribute only to the noise and represent a self-interference generated by the personal communications system. 

As mentioned in (1.7) and in the discussion «f classification FOMs above, the present invention can substantially 
automatically retrain and/or recalibrate itself to compensate for variations in wireless signal characteristics (e.g. t multipart) due to 
environmental and/or topographic changes to a geographic area serviced by the present invention, for example, in one embodiment, 
the present invention optionally includes low cost, low pow\r base stations, denoted location base stations (LBS) above, providing, for 
example, CDMA pilot channels to a very limited area about ekh such LBS. The location base stations may provide limited voice traffic 
capabilities, but each is capable of gathering sufficient wireies\ signal characteristics from an MS within the location base station's 
range to facilitate locating the MS. Thus, by positioning the location base stations at known locations in a geographic region such as, 
for instance, on street lamp poles and road signs, additional MS location accuracy can be obtained. That is, due to the low power 
signal output by such location base stations, for there to be signaling control communication (e.g., pilot signaling and other control 
signals) between a location base station and a target MS, the MS mu\t be relatively near the location base station. Additionally, for 
each location base station not in communication with the target MS, iV is likely that the MS is not near to this location base station. 
Thus, by utilizing information received from both location base stationftm communication with the target MS and those that are not 
in communication with the target MS, the present invention can substantially narrow the possible geographic areas within which the 
target MS is likely to be. Further, by providing each location base station (LBS) with a co-located stationary wireless transceiver 
(denoted a built-in MS above) having similar functionality to an MS, the following advantages are provided: 
(6.1) assuming that the co-located base station capabilities and the stationary transceiver of an LBS are such that the base 
station capabilities and the stationary transceiver communicate with one another, the stationary transceiver can be signaled by 
another component(s) of the present invention to activate or deactivate its associated base station capability, thereby conserving 
power for the LBS that operate on a restricted power such as solar electrical power; 

(62) the stationa7 transceiver of an LBS can be used for transferring target MS location information obtained by the LBS to a 
conventional telephony base station; 

(63) since the location of each LBS is known and can be used in location processing, the present invention is able to (re)train 
and/or (re)calibrate itself in geographical areas having such LBSs. That is, by activating each LBS stationary transceiver so that there 
is signal communication between the stationary transceiver and surrounding base stations within range, wireless signal characteristic 
values for the location of the stationary transceiver are obtained for each such base station. Accordingly, such characteristic values 
can then be associated with the known location of the stationary transceiver for training and/or calibrating various of the location 
processing modules of the present invention such as the classification FOMs discussed above. In particular, such training and/or 
calibrating may include: 

(i) ' (re)training and/or (re)calibrating FOMs; 
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(ii) adjusting the confidence value initially assigned to a location hypothesis according to how accurate 
the generating FOM is in estimating the location of the stationary transceiver using data obtained from wireless signal characteristics 
of signals between the stationary transceiver and base stations with which the stationary transceiver is capable of communicating; 

(iii) automatically updating the previously mentioned historical data base (i.e., the location signature 
data base), wherein the stored signal characteristic data for each stationary transceiver can be used for detecting environmental 
and/or topographical changes (e.g., a newly built high rise or other structures capable of altering the multipath characteristics of a 
given geographical area); and 

(iv) tuning of the location system parameters, wherein the steps of: (a) modifying various system 
parameters and (b) testing the performance of the modified location system on verified mobile station location data (including the 
stationary transceiver signal characteristic data), these steps being interleaved and repeatedly performed for obtaining better system 
location accuracy within useful time constraints. 

It is also an aspect of the present invention to automatically (re)calibrate as in (63) above with signal characteristics from 
other known or verified locations. In one embodiment oflthe present invention, portable location verifying electronics are provided so 
that when such electronics are sufficiently near a located target MS, the electronics: (I) detect the proximity of the target MS; (ii) 
determine a highly reliable measurement of the location of tte target MS; (iii) provide this measurement to other location 
determining components of the present invention so that the location measurement can be associated and archived with related 
signal characteristic data received from the target MS at the location where the location measurement is performed. Thus, the use of 
such portable location verifying electronics allows the present invention to capture and utilize signal characteristic data from verified, 
substantially random locations for location system calibration as inY63) above. Moreover, it is important to note that such location 
verifying electronics can verify locations automatically wherein it is unnecessary for manual activation of a location verifying process. 

One embodiment of the present invention includes the location verifying electronics as a "mobile (location) base station" 
(MBS) that can be, for example, incorporated into a vehicle, such as an ambulance, police car, or taxi. Such a vehicle can travel to 
sites having a transmitting target MS, wherein such sites may be randomly located and the signal characteristic data from the 
transmitting target MS at such a location can consequently be archived with a verified location measurement performed at the site by 
the mobile location base station. Moreover, it is important to note that such a mobile location base station as its name implies also 
includes base station electronics for communicating with mobile stations, though not necessarily in the manner of a conventional 
infrastructure base station. In particular, a mobile location base station may only monitor signal characteristics, such as MS signal 
strength, from a target MS without transmitting signals to the target MS. Alternatively, a mobile location base station can 
periodically be in bi-directional communication with a target MS for determining a signal time-of-arrival (or time-difference-of- 
arrival) measurement between the mobile location base station and the target MS. Additionally, each such mobile location base 
station includes components for estimating the location of the mobile location base station, such mobile location base station location 
estimates being important when the mobile location base station is used for locating a target MS via, for example, time-of-arrival or 
time-difference-of-arrival measurements as one skilled in the art will appreciate. In particular, a mobile location base station can 
include: 
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(7.1) a mobile station (MS) for both communicating with other components of the present invention (such as a location 
processing center included in the present invention); 

(72) a GPS receiver for determining a location of the mobile location base station; 

(73) a gyroscope and other dead reckoning devices; and 

(7.4) devices for operator manual entry of a mobile location base station location. 

Furthermore, a mobile location base station incudes modules for integrating or reconciling distinct mobile location base 
station location estimates that, for example, can be obtained using the components and devices of (7.1) through (7.4) above. That is, 
location estimates for the mobile location base station may b^pbtained from: GPS satellite data, mobile location base station data 
provided by the location processing center, Wm^q ^^M^i from the mobile location base stati$n^id?3^ 
«€te«wg devices, and location data manually input by an operator of the mobile location base station. 

The location estimating system of the present invention offers many advantages over existing location systems. 
The system of the present invention, for example, iAreadily adaptable to existing wireless communication systems and can accurately 
locate people and/or objects in a cost effective mannW. In particular, the present invention requires few, if any, modifications to 
commercial wireless communication systems for implantation. Thus, existing personal communication system infrastructure base 
stations and other components of, for example, commercial CDMA infrastructures are readily adapted to the present invention. The 
present invention can be used to locate people and/or offiects that are not in the line-of-sight of a wireless receiver or transmitter, 
can reduce the detrimental effects of multipath on the accuracy of the location estimate, can potentially locate people and/or objects 
located indoors as well as outdoors, and uses a number of wireless stationary transceivers for location. The present invention employs 
a number of distinctly different location computational models for location which provides a greater degree of accuracy, robustness 
and versatility than is possible with existing systems. For insAnce, the location models provided include not only the radius- 
radius/TOA and TDOA techniques but also adaptive artificial nWal net techniques. Further, the present invention is able to adapt to 
the topography of an area in which location service is desired. The present invention is also able to adapt to environmental changes 
substantially as frequently as desired. Thus, the present inventions able to take into account changes in the location topography 
overtime without extensive manual data manipulation. Moreover,\he present invention can be utilized with varying amounts of 
signal measurement inputs. Thus, if a location estimate is desired \X very short time interval (e.g., less than approximately one to 
two seconds), then the present location estimating system can be useAwith only as much signal measurement data as is possible to 
acquire during an initial portion of this time interval. Subsequently, after a greater amount of signal measurement data has been 
acquired, additional more accurate location estimates may be obtained. Vlote that this capability can be useful in the context of 91 1 
emergency response in that a first quick course wireless mobile station location estimate can be used to route a 9! I call from the 
mobile station to a 91 1 emergency response center that has responsibility Wr the area containing the mobile station and the 91 1 
caller. Subsequently, once the 91 1 call has been routed according to this firsfiquick location estimate, by continuing to receive 
additional wireless signal measurements, more reliable and accurate location ^timates of the mobile station can be obtained. 

Moreover, there are numerous additional advantages of the system of the present invention when applied in CDMA 
communication systems. The location system of the present invention readily benefits from the distinct advantages of the CDMA 
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spread spectrum scheme, namely, these advantages include the exploitation of radio frequency spectral efficiency and isolation by (a) 
monitoring voice activity, (b) management of two-way power control, (c) provisioning of advanced variable-rate modems and error 
correcting signal encoding, (d) inherent resistance to fading, (e) enhanced privacy, and (f) multiple "rake" digital data receivers and 
searcher receivers for correlation of signal multipaths. 

At a more general level, it is an aspe^ of the present invention to demonstrate the utilization of various novel 
computational paradigms such as: . 

(8.1) providing a multiple hypothesis computational architecture (as illustrated best in^gf 8) wherein the hypotheses are: 
(8.1.1) generated by modular independent hypothesizing computational models; 

(8.12) the models are embedded in th&computational architecture in a manner wherein the architecture allows for 
substantial amounts of application specific processing^ mmon or generic to a plurality of the models to be straightforwardly 
incorporated into the computational architecture; 

(8.13) the computational architecture enhinces the hypotheses generated by the models both according to past 
performance of the models and according to application specific constraints and heuristics without requiring feedback loops for 
adjusting the models; 

(8.1.4) the models are relatively easily integrated into, modified and extracted from the computational architecture; 
(82) providing a computational paradigm for enhancing Vn initial estimated solution to a problem by using this initial 
estimated solution as, effectively, a query or index into an historical data base of previous solution estimates and corresponding 



actual solutions for deriving an enhanced solution estimate based^n past performance of the module that generated the initial 



estimated^solution. 

Note that the multiple hypothesis architecture provided herein is useful in implementing solutions in a wide range of 
applications. For example, the following additional applications are within the scope of the present invention: 
(9.1) document scanning applications for transforming physical documents in to electronic forms of the documents. Note that in 
many cases the scanning of certain documents (books, publications, etc.) may have a 20% character recognition error rate. Thus, 
the novel computation architecture of the present invention can be utilized by (I) providing a plurality of document scanning models 
as the first order models, (ii) building a character recognition data base for archiving a correspondence between characteristics of 
actual printed character variations and the intended characters (according to, for example, font types), and additionally archiving a 
correspondence of performance of each of the models on previously encountered actual printed character variations (note, this is 
analogous to the Signature Data Base of the MS location application described herein), and (iii) determining any generic constraints 
and/or heuristics that are desirable to be satisfied by a plurality of the models. Accordingly, by comparing outputs from the first 
order document scanning models, a determination can be made as to whether further processing is desirable due to, for example, 
discrepancies between the output of the models. If further processing is desirable, then an embodiment of the multiple hypothesis 
architecture provided herein may be utilized to correct such discrepancies. Note that in comparing outputs from the first order 
document scanning models, these outputs may be compared at various granularities; e.g., character, sentence, paragraph or page; 
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(9.2) diagnosis and monitoring applications such as medical diagnosis/monitoring, communication network 
diagnosis/monitoring; 

(93) robotics applications such as scene and/or object recognition; 

(9.4) seismic and/or geologic signal processing applications such as for locating oil and gas deposits; 

(9.5) Additionally, note that this architecture need not have all modules co-located. In particular, it is an additional aspect of 
the present invention that various modules can be remotely located from one another and communicate with one another via 
telecommunication transmissions such as telephony technologies and/or the Internet. Accordingly, the present invention is 
particularly adaptable to such distributed computing environments. For example, some number of the first order models may reside 
in remote locations and communicate their generated hypotheses via the Internet. 

For instance, in weather prediction applications it is not uncommon for computational models to require large amounts of 
computational resources. Thus, such models running at various remote computational facilities can transfer weather prediction 
hypotheses (e.g., the likely path of a hurricane) to a site that performs hypothesis adjustments according to: (i) past performance of 
the each model; (ii) particular constraints and/or heuristics, and subsequently outputs a most likely estimate for a particular weather 
condition. 

In an alternative embodiment of the present invention, the processing following the generation of location hypotheses 
(each having an initial location estimate) by the first order models may be such that this processing can be provided on Internet user 
nodes and the first order models may reside at Internet server sites. In this configuration, an Internet user may request hypotheses 
from such remote first order models and perform the remaining processing at his/her node. 

In other embodiments of the present invention, a fast, abeit less accurate location estimate may be initially performed for 
very time critical location applications where approxifhate location information may be required. For example, less than I second 
response for a mobile station location embodiment of tlL resent invention may be desired for 91 1 emergency response location 
requests. Subsequently, once a relatively course location eWate has been provided, a more accurate most likely location estimate 
can be performed by repeating the location estimation proceW a second time with, e.g., additional with measurements of wireless 
signals transmitted between a mobile station to be located and\ network of base stations with which the mobile station is 
communicating, thus providing a second, more accurate location lutimate of the mobile station. 

Additionally, note that it is within the scope of the present invention to provide one or more central location development 
sites that may be networked to, for example, geographically dispersed location centers providing location services according to the 
present invention, wherein the FOMs may be accessed, substituted, enhanced or removed dynamically via network connections (via, 
e.g., the Internet) with a central location development site. Thus, a small but rapidly growing municipality in substantially flat low 
density area might initially be provided with access to, for example, two or three FOMs for generating location hypotheses in the 
municipality's relatively uncluttered radio signaling environment. However, as the population density increases and the radio 
signaling environment becomes cluttered by, for example, thermal noise and multipath, additional or alternative FOMs may be 
transferred via the network to the location center for the municipality. 



20 

7\ 



WO 98/10307 




PCT/US97/15892 



Note that in some embodiments of the prffient invention, since there a lack of sequencing between the FOMs and 
subsequent processing of location hypotheses, the fOV\& can be incorporated into an expert system, if desired. For example, each FOM 
may be activated from an antecedent of an expert systqn rule. Thus, the antecedent for such a rule can evaluate to TRUE if the FOM 
outputs a location hypothesis, and the consequent portion of such a rule may put the output location hypothesis on a list of location 
hypotheses occurring in a particular time window for substouent processing by the location center. Alternatively, activation of the 
FOMs may be in the consequents of such expert system rules\ That is, the antecedent of such an expert system rule may determine if 
the conditions are appropriate for invoking the FOM(s) in the\ule*s consequent. 

Of course, other software architectures max also to used in implementing the processing of the location center without 
departing from scope of the present invention. In particular, object-oriented architectures are also within the scope of the present 
invention. For example, the FOMs may be object methoA on an MS location estimator object, wherein the estimator object receives 
substantially ail target MS location signal data output by the signal filtering subsystem. Alternatively, software bus architectures are 
contemplated by the present invention, as one skilled in theW will understand, wherein the software architecture may be modular 
and facilitate parallel processingTftuher features and advantages of the present invention are provided by the figures and detailed 
description accompanying this invention summary. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. I illustrates various perspectives of radio propagation opportunities which may be considered in addressing correlation 
with mobile to base station ranging. 

Fig. 2 shows aspects of the two-ray radio propagation model and the effects of urban clutter, 
fig. 3 provides a typical example of how tl^ statistical power budget is calculated in design of a Commercial Mobile Radio 
Ser^e fowjdor networ k. 

Fig. 4 illustrates an overall view of a wireless radio location network architecture, based on AIN principles. 
Fig. 5 is a high level block diagram of an embodiment of the present invention for locating a mobile station (MS) within a 
radio coverage area for the present invention. 

Fig. 6 is a high level block diagram of the location center 142. 
Fig. 7 is a high level block diagram of the hypothesis evaluator for the location center. 
Fig. 8 is a substantially comprehensive high level block diagram illustrating data and control flows between the 
components of the location center, as well the functionality of the components. ~~ 

Fig. 9 is a high level data structure diagram describing the fields of a location hypothesis object generated by the first 
order models 1224 of the location cftpter. 

Fig. 10 is a graphical illustration of the computation performed by the most likelihood estimator 1344 of the hypothesis 

evaluator. 

Fig. 1 1 is a high level block diagram of the mobile base station (MBS). 

Fig. 12 is a high level state transition diagram describing computational states the Mobile Base station enters during 

operation. 

Fig. 13 is a high level diagram illustrating the data structural organization of the Mobile Base station capability for 
autonomously determining a most likely MBS location from a plurality of potentially conflicting MBS location estimating sources. 

Fig. 14 shows one method of modeling CDMA delay spread measurement ensembles and interfacing such signals to a typical 
artificial neural network based FOM. 

Fig. 15 illustrates the nature of RF "Dead Zones" , notch area, and the importance of including location data signatures 
from the back side of radiating elements. 

Figs. 16a through 16c present a table providing a brief description of the attributes of the location signature data type 
stored in the location signature data base 1320. 

Figs. 17a through 17c present a high level flowchart of the steps performed by function, "UPDATE J.OC_SIG_DB" for 
updating location signatures in the location signature data base 1320; note, this flowchart corresponds to the description of this 
function in APPENDIX C. 
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Figs. 18a through 18b present a high level flowchart of the steps performed by function, "RED U CE_B AD D B LOC S IGS 
for updating location signatures in the location signature data base 1320; note, this flowchart corresponds to the description of this 
function in APPENDIX C. 

Figs. 19a through 19b present a high level flowchart of the steps performed by function, 
44 INCREASE_C0NFIDENCE_0F_G00D_DB_L0C_SIGS," for updating location signatures in the location signature data base 1320; 
note, this flowchart corresponds to the description of this function in APPENDIX C. 

Figs. 20a through 20d present a high level flowchart of the steps performed by function, 
* 4 D ETE RM I N E_LOCAT ION JIGNATUREJITJRRORS," for updating location signatures in the location signature data base 1320; 
note, this flowchart corresponds to the description of this function in APPENDIX C. 

Fig. 21 presents a high level flowchart of the steps performed by function, "ESTIMATE_LOC_SIG_FROM_DB," for updating 
location signatures in the location signature data base 1320; note, this flowchart corresponds to the description of this function in 
APPENDIX C. 

Figs. 22a through 22b present a high level flowchart of the steps performed by function, "GET_AREA TtMEARCH," for 
updating location signatures in the location signature data base 1320; note, this flowchart corresponds to the description of this 
function in APPENDIX C. 

Figs. 23a through 23b present a high level flowchart of the steps performed by function, 
"GETJ)IFFERENCE_MEASUREMENT, H for updoing location signatures in the location signature data base 1320; note, this flowchart 
corresponds to the description of this function in WeNDIX C. 

Fig. 24 is a high level illustration of context adjuster data structures and their relationship to the radio coverage area for 
the present invention; 

Figs. 25a through 25b present a high level flowchart of the steps performed by the function, "CONTEXT_AD]USTER," used 
in the context adjuster 1326 for adjusting mobile station estimates provided by the first order models 1224; this flowchart 
corresponds to the description of this function in APPENDIX D. 

Figs. 26a through 26c present a high level flowchart of the steps performed by the function, 
"GET ADJUSTED LOC HYP LIST FOR/* used in the context adjuster 1326 for adjusting mobile station estimates provided by the 
first order models 1224; this flowchart corresponds to the description of this function in APPENDIX D. 

Figs. 27a through 27b present a high level flowchart of the steps performed by the function, "CONFIDENCE ADJUSTER," 
used in the context adjuster 1326 for adjusting mobile station estimates provided by the first order models 1224; this flowchart 
corresponds to the description of this function in APPENDIX D. 

Fig. 28a and 28b presents a high level flowchart of the steps performed by the function, 
"GET JOMPOSITEJREDICTION J1APPEDJLUSTER _DENS!TY," used in the context adjuster 1326 for adjusting mobile station 
estimates provided by the first order models 1224; this flowchart corresponds to the description of this function in APPENDIX D. 
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Figs. 29a through 29h present a high level flowchart of the steps performed by the function, 
w GET_PREDICTION_MAPPED_CLUSTER_DENSin_FOR" used in the context adjuster 1326 for adjusting mobile station estimates 
provided by the first order models 1224; this flowchart corresponds to the description of this function in APPENDIX D. 

Fig, 30 illustrates the primary components of the signal processing subsystem. 
5 Fig. 31 illustrates how automatic provisioning of mobile station information from multiple CMRS occurs. 
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DETAILED DESCRIPTION 

Detailed Description Introduction 

Various digital wireless communication standards have been introduced such as Advanced Mobile Phone Service (AMPS), Narrowband 
Advanced Mobile Phone Service (NAMPS), code division multiple access (CDMA) and Time Division Multiple Access (TDMA) (e.g., 
5 Global Systems Mobile (GSM). These standards provide numerous enhancements for advancing the quality and communication 
capacity for wireless applications. Referring to CDMA, this standard is described in the Telephone Industries Association standard IS- 
95, for frequencies below I GHz, and in J-STD-008, the Wideband Spread-Spectrum Digital Cellular System Dual-Mode Mobile 
Station-Base station Compatibility Standard, for frequencies in the 1.8 - 1.9 GHz frequency bands. Additionally, CDMA general 
principles have been described, for example, in U.S. Patent 5,109390, Diversity Receiver in a CDMA Cellular Telephone System by 

10 Gilhousen. There are numerous advantages of such digital wireless technologies such as CDMA radio technology. For example, the 
CDMA spread spectrum scheme exploits radio frequency spectral efficiency and isolation by monitoring voice activity, managing two- 
way power control, provision of advanced variable-rate modems and error correcting signal design, and includes inherent resistance 
to fading, enhanced privacy, and provides for multiple "rake" digital data receivers and searcher receivers for correlation of multiple 
physical propagation paths, resembling maximum likelihood detection, as well as support for multiple base station communication 

15 with a mobile station, i.e., soft or softer hand-off capability. When coupled with a location center as described herein, substantial 
improvements in radio location can be achieved. For example, the CDMA spread spectrum scheme exploits radio frequency spectral 
efficiency and isolation by monitoring voice activity, managing two-way power control, provision of advanced variable-rate modems 
and error correcting signal design, and includes inherent resistance to fading, enhanced privacy, and provides for multiple "rake" 
digital data receivers and searcher receivers for correlation of multiple physical propagation paths, resembling maximum likelihood 

20 detection, as well as support for multiple base station communication with a mobile station, i.e., soft hand-off capability. Moreover, 
this same advanced radio communication infrastructure can also be used for enhanced radio location. As a further example, the 
capabilities of IS-41 and AIN already provide a broad-granularity of wireless location, as is necessary to, for example, properly direct 
a terminating call to an MS. Such information, originally intended for call processing usage, can be re-used in conjunction with the 
location center described herein to provide wireless location in the large (i.e. ( to determine which country, state and city a particular 

25 MS is located) and wireless location in the small (i,e., which location, plus or minus a few hundred feet within one or more base 
stations a given MS is located). 

Fig. 4 is a high level diagram of a wireless digital radiolocation intelligent network architecture for the present invention. 
Accordingly, this figure illustrates the interconnections between the components, for example, of a typical PCS network configuration 
and various components that are specific to the present invention. In particular, as one skilled in the art will understand, a typical 

30 wireless (PCS) network includes: 

(a) a (large) plurality of conventional wireless mobile stations (MSs) 140 for at least one of voice related communication, 

visual (e.g., text) related communication, and according to present invention, location related communication; 

(b) a mobile switching center (MSC) 1 12; 
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(c) a plurality of wireless cell sites in a radio coverage area 120, wherein each cell site includes an infrastructure base 

station such as those labeled 122 (or variations thereof such as I22A - I22D). In particular, the base stations 122 
denote the standard high traffic, fixed location base stations used for voice and data communication with a plurality 
of HSs 140, and, according to the present invention, also used for communication of information related to locating 
such MSs 140. Additionally, note that the base stations labeled 152 are more directly related to wireless location 
enablement. For example, as described in greater detail hereinbelow, the base stations 152 may be low cost, low 
functionality transponders that are used primarily in communicating MS location related information to the location 
center 142 (via base stations 122 and the MSC 1 12). Note that unless stated otherwise, the base stations 152 will be 
referred to hereinafter as "location base station(s) 152** or simply *'LBS(s) 152"); 

(d) a public switched telephone network (PSTN) 124 (which may include signaling system links 106 having network 
control components such as: a service control point (SCP) 104 , one or more signaling transfer points (STPs) 110. 

Added to this wireless network, the present invention provides the following additional components: 
(10.1) a location center 142 which is required for determining a location of a target MS 140 using signal characteristic values for 
this target MS; 

(102) one or more mobile base stations 148 (MBS) which are optional, for physically traveling toward the target MS 140 or 
tracking the target MS; 

(103) a plurality of location base stations 152 (LBS) which are optional, distributed within the radio coverage areas 120. each 
LBS 152 having a relatively small MS 140 detection area 154; 

Since location base stations can be located on potentially each floor of a multi-story building, the wireless location 
technology described herein can be used to perform location in terms of height as well as by latitude and longitude. 

In operation, the MS 140 may utilize one of the wireless technologies, CDMA, TDMA, AMPS, NAMPS or GSM techniques for 
radio communication with: (a) one or more infrastructure base stations 122, (b) mobile base station(s) 148 , (c) an LBS 152. 

Referring to fig. 4 again, additional detail is provided of typical base station coverage areas, sectorization, and high level 
components within a radio coverage area 120, including the MSC 112. Although base stations may be placed in any configuration, a 
typical deployment configuration is approximately in a cellular honeycomb pattern, although many practical tradeoffs exist, such as 
site availability, versus the requirement for maximal terrain coverage area. To illustrate, three such exemplary base stations (BSs) 
are I22A, I22B and I22C, each of which radiate referencing signals within their area of coverage 169 to facilitate mobile station (MS) 
140 radio frequency connectivity, and various timing and synchronization functions. Note that some base stations may contain no 
sectors 130 (e.g. I22E), thus radiating and receiving signals in a 360 degree omnidirectional coverage area pattern, orthe base 
station may contain "smart antennas" which have specialized coverage area patterns. However, the generally most frequent base 
stations 122 have three sector 130 coverage area patterns. Forexample, base station I22A includes sectors 130, additionally labeled 
a, b and c. Accordingly, each of the sectors 130 radiate and receive signals in an approximate 120 degree arc, from an overhead view. 
As one skilled in the art will understand, actual base station coverage areas 169 (stylistically represented by hexagons about the base 

26 



2n 



WO 98/10307 




PCT/US97/15892 



stations 122) generally are designed to overlap to some extent, thus ensuring seamless coverage in a geographical area. Control 
electronics within each base station 122 are used to communicate with a mobile stations 1 40. Information regarding the coverage 
area for each sector 130, such as its range, area, and "holes" or areas of no coverage (within the radio coverage area 120), may be 
known and used by the location center 142 to facilitate location determination. Further, during communication with a mobile station 
5 140, the identification of each base station 122 communicating with the MS 140 as well, as any sector identification information, may 
be known and provided to the location center 142. 

In the case of the base station types 122, 148, and IS2 communication of location information, a base station or mobility 
controller 174 (BSC) controls, processes and provides an interface between originating and terminating telephone calls fromAo 
mobile station (MS) 140, and the mobile switch center (MSC) 1 12. The MSC 122, on-the-other-hand, performs various administration 
10 functions such as mobile station 140 registration, authentication and the relaying of various system parameters, as one skilled in the 
art will understand. 

The base stations 122 may be coupled by various transport facilities 176 such as leased lines, frame relay, T-Carrier links, optical 
fiber links or by microwave communication links. 

When a mobile station 140 (such as a CDMA, AMPS, NAMPS mobile telephone) is powered on and in the idle state, it constantly 

15 monitors the pilot signal transmissions from each of the base stations 122 located at nearby cell sites. Since base station/sector 
coverage areas may often overlap, such overlapping enables mobile stations 140 to detect, and, in the case of certain wireless 
technologies, communicate simultaneously along both the forward and reverse paths, with multiple base stations 122 and/or sectors 
130. In Fig. 4 the constantly radiating pilot signals from base station sectors 130, such as sectors a, b and c of BS I22A, are detectable 
by mobile stations 140 within the coverage area 169 for BS I22A. That is, the mobile stations 140 scan for pilot channels, 

20 corresponding to a given base station/sector identifiers (IDs) , for determining which coverage area 1 69 (i.e., cell) it is contained. 
This is performed by comparing signals strengths of pilot signals transmitted from these particular cell-sites. 

The mobile station 140 then initiates a registration request with the MSC 112, via the base station controller 174. The MSC 1 12 
determines whether or not the mobile station 140 is allowed to proceed with the registration process (except in the case of a 91 1 call, 
wherein no registration process is required). At this point calls may be originated from the mobile station 140 or calls or short 

25 message service messages can be received from the network. The MSC 1 12 communicates as appropriate, with a class 4/5 wireline 
telephony circuit switch or other central offices, connected to the PSTN 124 network. Such central offices connect to wireline 
terminals, such as telephones, or any communication device compatible with the line. The PSTN 124 may also provide connections to 
long distance networks and other networks. 

The MSC 1 12 may also utilize IS/41 data circuits or trunks connecting to signal transfer point 110, which in turn connects 

30 to a service control point 1 04, via Signaling System #7 (SS7) signaling links (e.g., trunks) for intelligent call processing, as one 
skilled in the art will understand. In the case of wireless AIN services such links are used for call routing instructions of calls 
interacting with the MSC 1 1 2 or any switch capable of providing service switching point functions, and the public switched telephone 
network (PSTN) 124, with possible termination back to the wireless network. 
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Referring to Fig. 4 again, the location center (LQ 142 interfaces with the MSC 1 12 either via dedicated transport facilities 
178, using for example, any number of LAM/WAN technologies, such as Ethernet, fast Ethernet, frame relay, virtual private networks, 
etc., or via the PSTN 124. The LC 142 receives autonomous (e.g. f unsolicited) command/response messages regarding, for example: 
(a) the state of the wireless network of each service provider, (b) MS 140 and BS 122 radio frequency (RF) measurements, (c) any 
MBSs 148, (d) location applications requesting MS locations using the location center. Conversely, the LC 142 provides data and 
control information to each of the above components in (a) - (d). Additionally, the LC 142 may provide location information to an 
MS 140, via a BS 122. Moreover, in the case of the use of a mobile base station (MBS) 148, several communications paths may exist 
with the LC 142. 

The MBS 148 arts as a low cost, partially4functional, moving base station, and is, in one embodiment, situated in a vehicle 
where an operator may engage in MS 140 searching Ad tracking activities. In providing these activities using CDMA, the MBS 148 
provides a forward link pilot channel for a target MS 140, and subsequently receives unique BS pilot strength measurements from the 
MS 140. The MBS 148 also includes a mobile station forWta communication with the LC 142, via a BS 122. In particular, such data 
communication includes telemetering the geographic position of the MBS 148 as well as various RF measurements related to signals 
received from the target MS 140. In some embodiments, m MBS 148 may also utilize multiple-beam fixed antenna array elements 
and/or a moveable narrow beam antenna , such as a microwave dish 182. The antennas for such embodiments may have a known 
orientation in order to further deduce a radio location of theWget MS 140 with respect to an estimated current location of the MBS 
148. As will be described in more detail herein below, the MBSU48 may further contain a global positioning system (GPS), distance 
sensors, dead-reckoning electronics, as well as an on-board comWing system and display devices for locating both the MBS I48^T t> 
itself as well as tracking and locating the target MS 140. The commuting and display provides a means for communicating the 
position of the target MS 140 on a map display to an operator of tlfy MBS 148. 

Each location base station (LBS) IS2 is a low cost location device. Each such LBS 152 communicates with one or more of 
the infrastructure base stations 122 using one or more wireless technology interface standards. In some embodiments, to provide 
such LBS's cost effectively, each LBS 152 only partially or minimally supports the air-interface standards of the one or more wireless 
technologies used in communicating with both the BSs 1 22 and the MSs 140. Each LBS 152, when put in service, is placed at a fixed 
location, such as at a traffic signal, lamp post, etc, and wherein the location of the LBS may be determined as accurately as, for 
example, the accuracy of the locations of the infrastructure BSs 122. Assuming the wireless technology CDMA is used, each BS 122 
uses a time offset of the pilot PN sequence to identify a forward CDMA pilot channel. In one embodiment, each LBS 152 emits a 
unique, time-offset pilot PN sequence channel in accordance with the CDMA standard in the RF spectrum designated for BSs 122, such 
that the channel does not interfere with neighboring BSs 122 cell site channels, nor would it interfere with neighboring LBSs 152. 
However, as one skilled in the art will understand, time offsets, in CDMA chip sizes, may be re-used within a PCS system, thus 
providing efficient use of pilot time offset chips, thereby achieving spectrum efficiency. Each LBS 152 may also contain multiple 
wireless receivers in order to monitor transmissions from a target MS 140. Additionally, each LBS 152 contains mobile station 140 
electronics, thereby allowing the LBS to both be controlled by the LC 142, and to transmit information to the LC 142, via at least one 
neighboring BS 122. 
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As mentioned above, when the location of a particular target MS 140 is desired, the LC 142 can request location 
information about the target MS 140 from, for instance, one or more activated LBSs 152 in a geographical area of interest. 
Accordingly, whenever the target MS 140 is in such an area, or is suspected of being in the area, either upon command from the LC 
142, or in a substantially continuous fashion, the LBS's pilot channel appears to the target MS 140 as a potential neighboring base 
5 station channel, and consequently, is placed, for example, in the CDMA neighboring set, or the CDMA remaining set, of the target MS 
140 (as one familiar with the CDMA standards will understand). 

During the normal CDMA pilot search sequence of the mobile station initialization state (in the target MS), the target MS 
140 will, if within range of such an activated LBS 1 52, detect the LBS pilot presence during the CDMA pilot channel acquisition 
substate. Consequently, the target MS 140 performs RF measurements on the signal from each detected LBS 152. Similarly, an 
10 activated LBS 1 52 can perform RF measurements on the wireless signals from the target MS 140. Accordingly, each LBS 152 detecting 
the target MS 140 may subsequently telemeter back to the LC 142 measurement results related to signals from/to the target MS 140. 
Moreover, upon command, the target MS 140 will telemeter back to the LC 142 its own measurements of the detected LBSs 152, and 
consequently, this new location information, in conjunction with location related information received from the BSs 122, can be used 
to locate the target MS 140. 

It should be noted that an LBS 152 will menially deny hand-off requests, since typically the LBS does not require the added 
complexity of handling voice or traffic bearer channels, although economics and peak traffic load conditions would dictate preference 
here. GPS timing information, needed by any CDMA bkse station, is either achieved via a the inclusion of a local GPS receiver or via a 
telemetry process from a neighboring conventional BS u2, which contains a GPS receiver and timing information. Since energy 
requirements are minimal in such an LBS 152, (recharg&ble) batteries or solar cells may be used to power the LBS. No expensive 
20 terrestrial transport link is typically required since two-Way communication is provided by the included MS 140 (or an electronic 
variation thereof).f/fluis, LBSs 152 may be placed in numerous locations, such as: 

(a) in dense urban canyon areas (e.g., where signal reception may be poor and/or very noisy); 

(b) in remote areas (e.g., hiking, camping and siding areas); 

(c) along highways (e.g., for emergency as well asLonitoring traffic flow), and their rest stations; or 

25 ( d ) in general, wherever more location precision is required than is obtainable using other wireless infrastruction network 

components. » 




Location Center - Network Elements API Description 

A location application programming y ttj ^ l 36 (Fig. 1 ), or L - AP I? is required between the location center I42 (LC) and 
the mobile switch center (MSC) network elemeV type, in order to send and receive various control, signals and data messages. The L- 
APhhould be implemented using a preferably hWcapacity physical layer communications interface, such as IEEE standard 802 J 
(10 base! Ethernet), although other physical layerVerfaces could be used, such as fiber optic ATM, frame relay, etc. Two forms of 
API implementation are possible. In the first case th^ignals control and data messages are realized using the MSC II2 vendor's 
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native operations messages inherent in the\product offering, without any special modifications. In the second case the L-API includes 
a full suite of commands and messaging corftent specifically optimized for wireless location purposes, which may require some, 
although minor development on the part of the MSC vendor. 

Signal Processor Description 

Referring to Fig. 30, the signal processing subsystem receives control messages and signal measurements and transmits 
appropriate control messages to the wireless network viaflie location applications programming interface referencedearlier, for 
wireless location purposes. The signal processing subsystem Wionally provides various i\gm\ / mmS^&mS^gzni pre- 
processing functions, including buffering, signal type classification, signal filtering, message control and routing functions to the 
location estimate modules. 

There can be several combinations of Delay SpWd/Signal Strength sets of measurements made available to the signal 
processing subsystem 20. In some cases the mobile stationW (Fig J) may be able to detect up to three or four Pilot Channels 
representing three to four Base Stations, or as few as one pL Chanrel, depending upon the environment. Similarly, possibly more 
than one BS 122 can detect a mobile station 140 transmitter Signal, as evidenced by the provision of cell diversity or soft hand-off in 
the CDMA standards, and the fact that multiple CMRS* base staVon equipment commonly will overlap coverage areas. For each mobile 
station 140 or BS 122 transmitted signal detected by a receiver group at a station, multiple delayed signals, or "fingers" may be 
detected and tracked resulting from multipath radio propagation\onditions, from a given transmitter. 

In typical spread spectrum diversity CDMA receiver design, the "first" finger represents the most direct, or least delayed 
multipath signal. Second or possibly third or fourth fingers may also be detected and tracked, assuming the mobile station contains a 
sufficient number of data receivers. Although traditional TOA and TDOA methods would discard subsequent fingers related to the 
same transmitted finger, collection and use of these additional values can prove useful to reduce location ambiguity, and are thus 
collected by the Signal Processing subsystem in the Location Center 142. 

From the mobile receiver's perspective, a numbeilof combinations of measurements could be made available to the 
Location Center. Due to the disperse and near-random naturl of CDMA radio signals and propagation characteristics, traditional 
TOA/TDOA location methods have failed in the past, because L number of signals received in/lifferent locations^Sifferent. In a 
particularly small urban area, say less than 500 square feet, Ae number of RF signals andffi^ltipath components may vary by 
over lOD^percent. A 

Due to the large capital outlay costs associated with providing three or more overlapping base station coverage signals in 
every possible location, most practical digital PCS deployments result in fewer than three base station pilot channels being reportabli 
in the majority of location areas, thus resulting in a larger, more amorphous location estimate. This consequence requires a family of 
location estimate location modules, each firing whenever suitable data has been presented to a model, thus providing a location 
estimate to a backend subsystem which resolves ambiguities. 

In one embodiment of this invention using backend hypothesis resolution, by utilizing existing knowledge concerning base 
station coverage area boundaries (such as via the compilation a RF coverage database - either via RF coverage area simulations or 
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field tests), the location error space is decreased. Negative logic Venn diagrams can be generated which deductively rule out certain 
location estimate hypotheses. 

Although the toward link mobile station's received relative signal strength (RRSS BS ) of detected nearby base station 
transmitter signals can be used directly by the location estimate modules, the CDMA base station's reverse link received relative signal 
strength (RRSS MS ) of the detected mobile station transmitter signal must be modified prior to location estimate model use, since the 
mobile station transmitter power level changes nearly continuously, and would thus render relative signal strength useless for 
location purposes. 

One adjustment variable and one factor value are required by the signal processing subsystem in the COMA air interface 
case: I.) instantaneous relative power level in dBm (IRPL) of the mobile station transmitter, and 2.) the mobile station Power Class. 
By adding the IRPL to the RRSS MSt a synthetic relative signal strength (SRSS MS ) of the mobile station 140 signal detected at the BS 122 
is derived, which can be used by location estimate model analysis, as shown below: 



SRSS MS = RRSS MS + IRPL 



(in dBm) 
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SRSS m> a corrected indication of the effective path loss in the reverse direction (mobile station to BS), is now comparable with RRSS BS 
and can be used to provide a correlation with either distance or shadow fading because it now accounts for the change of the mobile 
station transmitter's power level. The two signals RRSS BS and SRSS m can now be processed in a variety of ways to achieve a more 
robust correlation with distance or shadow fading. 

Although Rayleigh fading appears as a generally fcndom noise generator, essentially destroying the correlation value of 
either RRSS BS or SRSS HS measurements with distance individuW, several mathematical operations or signal processing functions can 
be performed on each measurement to derive a more robust relative signal strength value, overcoming the adverse Rayleigh fading 
effects. Examples include averaging, taking the strongest value Ld weighting the strongest value with a greater coefficient than the 
weaker value, then averaging the results. This signal processing technique takes advantage of the fact that although a Rayleigh fade 
may often exist in either the forward or reverse path, it is much Improbable that a Rayleigh fade also exists in the reverse or 
forward path, respectively. A shadow fade homm.'m^^ff^t^ signal strength in both paths. 

At this point a CDMA radio signal directiorwndependent "net relative signal strength measurement" i 
used to establish a correlation with either distance or shadow fading, or both. Although the ambiguity of either shafow fading i 
distance cannot be determined, other means dn be used in conjunction, such as the fingers of the CDMA delay spread measurement, 
and any other TOA/TDOA calculations from othe\ geographical points. In the case of a mobile station with a certain amount of 
shadow fading between its BS 122 (Fig. 2), the firsV finger of a CDMA delay spread signal is most likely to be a relatively shorter 
duration than the case where the mobile station Mflyand BS 1 22 are separated by a greater distance, since shadow fading does not 
materially affect the arrival time delay of the radio signal. 

By performing a small modification in tha control electronics of the CDMA base station and mobile station receiver 
circuitry, it is possible to provide the signal processin\subsystem 20 (reference Fig. 30) within the Locatio^fesw 142 (Fig. I) with 

31 



" is^tof i vod which -i s 
r shaSow fading or 



WO 98/10307 IV PCT/US97/15892 

data that exceed the one-to-one CDMA delay-spread fingfo to data receiver correspondence. Such additional information, in the form 
of additional CDMA fingers (additional multipart) and all associated detectable pilot channels, provides new information which is 

used to enhance to iftftfacy of the Location Center's locatiof^estimate location estimate modular 

This enhanced capability is protided via a control message, sent from thd^^M^\A2 to the mobile switch center 
12, and then to the base station(s) in comnLication with, or in close proximity with, mobile stations 140 to be located. Two types of 
location measurement request control messages are needed: one to instruct a target mobile station 140 (Le., the mobile station to be 
located) to telemeter its BS pilot channel meaWements back to the primary BS 122 and from there to the mobile switch center 1 12 
and then to the location system 42. The secondWroi message is sent from the location system 42 to the mobile switch center I T2, 
then to first the primary BS, instructing the prinfery BS' searcher receiver to output (i.e„ return to the initiating request message 
source) the detected target mobile station 140 transmitter CDMA pilot channel offset signal and their corresponding delay spread 
finger (peak) values and related relative signal strengths. 

The control messages are implemented in standard mobile station 140 and BS 122 CDMA receivers such that all data results 
from the search receiver and multiplexed results from the associated data receivers are available for transmission back to the 
Location Center 142. Appropriate value ranges are required regarding mobile station 140 parameters T_ADD lf T__DROP p and the 
ranges and values for the Active, Neighboring and Remaining Pilot sets registers, held within the mobile station 140 memory. Further 
mobile station 140 receiver details have been discussed above. 

In the normal case without any specific multiplexing means to provide location measurements, exactly how many CDMA 
pilot channels and delay spread fingers can or should be measured vary according to the number of data receivers contained in each 
mobile station 140. As a guide, it is preferred that whenever RF characteristics permit, at least three pilot channels and the strongest 
first three fingers, are collected and processed. From the BS 122 perspective, it is preferred that the strongest first four CDMA delay 
spread fingers and the mobile station power level be collected and sent to the location system 42, for each of preferably three BSs 122 
which can detect the mobile station 140. A much larger combination of measurements is potentially feasible using the extended data 
collection capability of the CDMA receivers. 

Fig. 30 illustrates the components of rte Signal ^ropj i ng Subsystem. The main components consist of the input queue(s) 
7, signal classifier/filter 9, digital signaling procekor 1 7, imaging filters 1 9, output queue(s) 21 , router/distributor 23, a signal 
processor database 26 and a signal processing controller 15. 

Input queues 7 are required in order to stage the rapid acceptance of a significant amount of RF signal measurement data, 
used for either location estimate purposes or to accept autonomous location data. Each location request using fixed base stations 
may, in one embodiment, contain from I to 128 radio frequency measurements from the mobile station, which translates to 
approximately 61.44 kilobytes of signal measurement data to be collected within 10 seconds and 128 measurements from each of 
possibly four base stations, or 245.76 kilobytes for ail base stations, for a total of approximately 640 signal measurements from the 
five sources, or 307.2 kilobytes to arrive per mobile station location request in 10 seconds. An input queue storage space is assigned at 
the moment a location request begins, in order to establish a formatted data structure in persistent store. Depending upon the 
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urgency of the time required to render a location estimate, fewer or more signal measurement samples can be taken and stored in the 
input queue(s) 7 accordingly. ^ q 

The signal processing subsystennupports a varfety of wireless networksigr^ng measurement capabilities by detecting the 
capabilities of the mobile and base station through messaging structures providedt&he location application programm i n g int e rf ac e. 
Detection is accomplished in the signal classifier 9 (Fig. 30) L referencing a mobile station database table within the signal processor 
database ^^^^ Z mn a mobile station identification number, mobile station revision code, other mobile station 
J&So&Rrtte. Similiarly, ^mobile switch center table 31 provides MSC characteristics and identifications to the signal classifier/filter 
9. The signal classifier/filter adds additional message header infhmation that further classifies the measurement data which allows 
the digital signal processor and image filter components to select\he proper internal processing subcomponents to perform 
operations on the signal measurement data, for use by the locatioi\estimate modules. 

Regarding service control point messages^onpmously received from the input queue 7, the signal classifier/filter 9 
Eignal processing database 26 query j fatlte m es s a g e is to be associated with a home base station module. Thus 
appropriate header information is added to the messagk, thus enabling the message to pass through the digital signal processor 17 
unaffected to the ou^JfeelT, and then to the routerkstributor 23. The router/distributor 23 then routes the message to the HBS 
first order model. Those skilled in the art will understand tLt associating location requests from Home Base Station configurations 
require substantially less data: the mobile identification nunfber and the associated wireline telephone number transmission from the 
home location register are on the order of less than 32 bytes. Consequentially the home base station message type could be routed 
without any digital sigrf^l processing. \ 

:put queue(s) 21 are required for similar reatons as input queues 7: relativelviarge amounts of data must be held in a specific 

format for further location processing by the location estimate modules/^ 

A 

The router and distributor component 23 is responsible to directing specific signal measurement data types and structures 
to their appropriate modules. For example the HBS FOM has no use for digital filtering structures, whereas the TDOA module would 




not be able to process an HBS response menage. 

'The controller 15 is responsible for staging the movemenftof data among the signal processing subsystem 20 components incur queue 




7, digital signal processor 17, router/distrib^r 23 and theWput queue 21, and to initiate sig nal^WS§*#^#SH^f fi fiTtKe^Tre less 
network, in response from an internets-location request niessage in Fig.4$ia the location application programming interface. 



In addition the controller 15 receives autonomous messages from the MSC , via the location applications programming 
interface (Fig.*) or L-API and the input queue 7, whenever a 9-1-1 wireless call is originated. The mobile switch center provides this 



autonomous notification to the location system as folii 



fopriate mobile switch center operations and 
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maintenance commands to surveil calls based on certairtydigits dialed such as 9-1-1, the location applications programming interface, 
in communications with the MSCs, receives an autonomoiA notification whenever a mobile station user dials 9-1-1. Specifically, a bi- 
directional authorized communications port is configured, dually at the operations and maintenance subsystem of the MSCs, or with 
their associated network element manager system(s), with aWa circuit, such as a DS-I, with the location applications programming 
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interface in Fig. I. Next, the "call trace" capacity of the mobile switch center is activated for the respective communications port. 
The exact implementation of the vendor-specificYan-machine or Open Systems Interface (OSI) commands(s) and their associated 
data structures generally vary among MSC vendor! however the trace function is generally available in various forms, and is required 
in order to comply with Federal Bureau of Investigation authorities for wire tap purposes. After the appropriate surveillance 
commands are established on the MSC, such 9-1-1 calWifications messages CMtainmjihe mobile station identification number 
(MIN) and, in phase I E9-I-I implementations, a pseufo-automatk^ber^^ provides an association 

with the primary base station in which the 9-1-1 esfler^m^ In cases where the pANI is known from the onset, the 

signal processing subsystem avoids querying the MSC in qOgstion to determine the primary base station identification associated with 
the 9-1-1 mobile station caller. 

After the signal processing controller 1 5 Wives the first message type, the autonomous notification message from the 
mobile switch center 1 12 to the location system 42, chaining the mobile identification number and optionally the primary base 
station identification, the controller 15 queries the bas\station table 13 in the signal processor database 26 to determine the status 
and availability of any neighboring base stations, includfog those base stations of other CMRS in the area. The definition of 
neighboring base stations include not only those within a frovisionable "hop" based on the cell design reuse factor, but also includes, 
in the case of CDMA, results from remaining set information\utonomously queried to mobile stations, with results stored in the base 
station table. Remaining set information indicates that mobil&tations can detect other base station (sector) pilot channels which 
may exceed the "hop" distance, yet are nevertheless candidate Lse stations (or sectors) for wireless location purposes. Although 
cellular and digital cell design may vary, "hop" distance is usuall^one or two cell coverage areas away from the primary base 
station's cell coverage area. 

Having determined a likely set of bale stations which may both detect the mobile station's transmitter signal, as well as to 
determine the set of likely pilot channels (i.e„ b\se stations and their associated physical antenna sectors) detectable by the mobile 
station in the area surrounding the primary baseWion (sector), the controller IS initiates messages to both the mobifcf station and 
appropriate base stations (sectors) to perform sigfial measurements and to return the results of such measurements to the signal 
processing system regarding the mobile station to located. This step may be accomplished via several interface means, in a first 
case the controller IS utilizes, for a given MSC, predetermined storage information in the MSC table 31 todetfrmine which type of 
commands, such as man-machine or OSI commands a\e needed to request such i\^fm^m^Sm^mt\ MSC. The controller 
generates the mobile and base station signal measurenfent commands appropriate for the MSC and passes the commands via the 
input queue 7 and the locations application programme interface in Fig.< to the appropriate MSC, using the authorized 
communications port mentioned earlier. In a second caseW controller IS communicates directly with base stations within having to 
interface directly with the MSC for signal measurement exthction. 

Upon receipt of the signal measurements, the sWai classifier 9 in Fig. 30 examines location application programming 
interface-provided message header information from the styrce of the location measurement (for example, from a fixed BS 122, a 
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mobile station 140, a distributed antenna system 168 in f\gj or message location data related to a home base station), provided by 
the location applications programming interface (LWlfJa the input queue 7 in Fig. 30 and determines whether or not device filters 
17 or image filters 19 are needed, and assesses a relative priority in processing, such as an emergency versus a background location 
task, in terms of grouping like data associated with a given location request. In the case where multiple signal measurement requests 
are outstanding for various base stations, some of whicLay be associated with a different CMRS network, and additional signal 
classifier function includes sorting and associating the appropriate incoming signal measurements together such that the digital 
signal processor 17 processes related measurements in ordeV to build ensemble data sets. Such ensembles allow for a variety of 
functions such as averaging, outlier removal over a timeperiid, and related filtering functions, and further prevent association errors 



from oeefiflflglhlocatnln estima^ processing. 

Another function of the signal classifier/uApass filter component 9 is to filter information that is not useable, or 
information that could introduce noise or the effect of ribise in the location estimate modules. Consequently low pass matching filters 
are used to match the in-common signal processing components to the characteristics of the incoming signals. Low pass filters match: 
Mobile Station, base station, CMRS and MSC characteristics, asjKtociassify Home Base Station messages. 

The signal processing subsystefocontains a base station database table 13 (Fig. 30) which captures the maximum number 
of CDMA delay spread fingers for a given ba^e station. 

The base station identification code, or CLU or common language level identification code is useful in identifying or 
relating a human-labeled name descriptorto the Base Station. Latitude, Longitude and elevation values are used by other subsystems 
in the location system for calibration and estimation purposes. As base stations and/or receiver characteristics are added, deleted, or 
changed with respect to the network used for location purposes, this database table must be modified to reflect the current network 
configuration. 

Just as an upgraded base station may detect adNtional COMA delay spread signals, newer or modified mobile stations may 
detect additional pilot channels or CDMA delay spread fingeV Additionally different makes and models of mobile stations may 
acquire improved receiver sensitivities, suggesting a greater cdwrage capability. Th^abie bol ow est a b l ishe s the relationships among 
various mobile station equipment suppliers ami certain technicaWa relevant to this location invention. 



Although not strictly necessary, $$W\ caff.be populated in this table from the PCS Service Provider's Customer Care 
system during subscriber activation and fulfillment, andVould be changed at deactivation, or anytime the end-user changes mobile 
stations. Alternatively, since the MIN, manufacturer, modJl number, and software revision level information is available during a 
telephone call, this information could extracted during the Call, and the remaining fields populated dynamically, based on 
manufacturer's' specifications information previously stored \ the signal processing subsystem 20. Default values are used in cases 
where the MIN is not found, or where certain information mustibe estimated. 

A low pass mobile station filter, contained within the signal classifier/low pass filter 9 of the signal processing subsystem 
20, uses the above table data to perform the following funVions: I) act as a low pass filter to adjust the nominal assumptions related 
to the maximum number of CDMA fingers, pilots detertabkAnd 2) to determine the transmit power class and the receiver thermal 
noise floor. Given the detected reverse path signal strength, th\required value of SRSS MS , a corrected indication of the effective path 
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loss in the reverse directionVmobile station to BS), can be calculated based data contained within the mobile station table 1 1, stored 
in the signal processing datal^se 26. J 

he effects of the maaimTfth^mi^ of CDMA fingefc allowed and the maximum number of pilot channels allowed 
essentially form a low pass filter effect, wherein the least common denominator of characteristics are used to filter the incoming RF 
signal measurements such that a one for one matching occurs. Tfc effect of the transmit power class and receiver thermal noise floor 
values is to normalize the characteristics of the incoming RF signaft with respect to those RF signals used. 

The signal classifier/filter 20 is in communication with both the input queue 7 and the signal processing database 26. In 



the early stage of a location request the signal processinAsubsystem 142 in Fig. 4, will receive the initiating location request from 
ehheran autonomous 9-1-1 notification message from a gWen MSC, or from a location applications-example, sec Figrffi, for 
which mobile station characteristics about the target mobift station 1 40 (Figgis required. Referring to Fig. 30, a que7 is made 



the mobile station characteristics associated with the MIN to Be located is available in table 1 1, if the data exists then there is no need 
for the controller IS to query the wireless network in order to tetermine the mobile station characteristics, thus avoiding additional 
real-time processing which would otherwise be required across the air interface, in order to determine the mobile station MIN 
characteristics. The resulting mobile station information my be provided either via the signal processing database 26 or alternatively 
a query may be performed directly from the signal processing subsystem 20 to the MSC in order to determine the mobile station 
characteristics. „ . 




Referring now to Fig.3l,*loStion application programming interface, L-API-CCS B?to the appropriate CMRS customer 
care system provides the mechanism to populate and update the mobile station table 1 1 within the database 26. The L-API-CCS J*9 % & 
contains its own set of separate input and output queues fir similar implementations and security controls to ensure that provisioning 
data is not sent to the incorrect CMRS, and that a given CMRS cannot access any other CMRS* data. The interface 1 155a to the 
customer care system for CMRS-A 1 150a provides an autonoLus or periodic notification and response application layer protocol 
type, consisting of add, delete, change and verify message functions in order to update the mobile station table 1 1 within the signal 
processing database 26, via the controller 15. A similar interfa* U5$b is used to enable provisioning updates to be received from 
CMRS-B customer care System 1150b. 

Although the L-API-CCS application message settnay be any protocol type which supports the autonomous notification 
message with positive acknowledgment type, the TIMI.5 groVp within the American National Standards Institute has defined a good 
starting point in which the L-API-CCS A could be implemented, tising the robust OSI TMN X-interface at the service management layer. 
The object model defined in Standards proposal number TIMI.9/96-22R9, Operations Administration, Maintenance, and Provisioning 
(OAMSP) - Model for Interface Across Jurisdictional Boundaries to Support Electronic Access Service Ordering: Inquiry Function, can 
be extended to support the L-API-CCS information elements as required and further discussed below. Other choices in which the L- 
API-CCS application message set may be implemented include ASCll binary, or any encrypted message set encoding using the Internet 
protocols, such as TCP/IP, simple network management protocol, httV https, and email protocols. 
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Referring to the digital signal processor (DSP) 17, in communication with the signal classifier/IP filter 9, the DSP 17 
provides a time series expansion method to convert non-HBS data from a format of an signal measure data ensemble of time-series 
based radio frequency data measurements, collected as discrete time-slice samples, to a three dimensional matrix location data value 
image representation. Other techniques further filter the resultant image in order to furnish a less noisy training and actual data 
sample to the location estimate modules. 

After 128 samples (in one embodiment) of data are collected of the delay spread-relative signal strength RF data 
measurement sample: mobile station RX for BS-I and grouped into a quantization matrix, where rows constitute relative signal 
strength intervals and columns define delay intervals. As each measurement row, column pair (which could be represented as a 
complex number or Cartesian point pair) is added to their respective values to generate a Z direction of frequency of recurring 
measurement value pairs or a density recurrence function. By next applying a grid function to each x, y, and z value, a three- 
dimensional surface grid is generated, which represents a location data value or unique print of that 128-sample measurement. 

In the general case where a mobile stations located in an environment with varied clutter patterns, such as terrain 
undulations, unique man-made structure geometries (thus creating varied multipath signal behaviors), such as a city or suburb, 
although the first CDMA delay spread finger may be the feme value for a fixed distance between the mobile station and BS antennas, 
as the mobile station moves across such anlwtfterent ftoger-data are measured. In the right image for the defined BS antenna 
sector, location classes, or squares numbered one through s&en, are shown across a particular range of line of position (LOP). 

A traditional TOA/TDOA ranging method between ^ given BS and mobile station only provides a range along Searc, thus 
introducing ambiguity error. However a unique three dinttnsional image can be used in this method to specifically identify, with 
recurring probability, a particular unique location class alo\g the same Line Of Position, as long as the multipath is unique by 
position but generally repeatable, thus establishing a methodtof not only ranging, but also of complete latitude, longitude location 
estimation in a Cartesian space. In other words, the unique shabe of the "mountain image" enables a correspondence to a given 
unique location class along a line of position, thereby eliminatin^traditional ambiguity error. 

Although man-made external sources of interference, Rayleigh fades, adjacent and co-channel interference, and variable 
clutter, such as moving traffic introduce unpredictability (thus no "mountain image" would ever be exactly alike), three basic types 
of filtering methods can be used to reduce matching/comparison error from a training case to a location request case: I.) select only 
the strongest signals from the forward path (BS to mobile station) and reverse path (mobile station to BS), 2.) Convolute the forward 
path 128 sample image with the reverse path 128 sample image, and 3.) process all image samples through various digital image 
filters to discard noise components. 

In one embodiment, convolution of forward and reverse images is performed to drive out noise. This is one embodiment 
that essentially nulls noise completely, even if strong and recurring, as long as that same noise characteristic does not occur in the 
opposite path. 

The third embodiment or technique of processing CDMA delay spread profile images through various digital image filters, 
provides a resultant "image enhancement" in the sense of providing a more stable pattern recognition paradigm to the neural net 
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location estimate model. For example, image histogram equalization can be used to rearrange the images' intensity values, or density 
recurrence values, so that the image's cumulative histogram is approximately linear. 

Other methods which can be used to compensate for a concentrated histogram include: I) Input Cropping, 2) Output 
Cropping and 3) Gamma Correction. Equalization and input cropping can provide particularly striking benefits to a CDMA delay 
spread profile image. Input cropping removes a large percentage of random signal characteristics that are non-recurring. 

Other filters and/or filter combinations can be used to help distinguish between stationary and variable clutter affecting 
multipart signals. For example, it is desirable to reject multipath fingers associated with variable clutter, since over a period of a few 
minutes such fingers would not likely recur. Further filtering can be used to remove recurring (at least during the sample period), and 
possibly strong but narrow "pencils" of RF energy. A narrow pencil image component could be represented by a near perfect reflective 
surface, such as a nearby metal panel truck stopped at a traffic light. 

On the other hand, stationary clutter objects, such as concrete and glass building surfaces, adsorb some radiation before 
continuing with a reflected ray at some delay. Such stationary clutter-affected CDMA fingers are more likely to pass a 4X4 neighbor 
Median filter as well as a 40 to 50 percent Input Crop filter, and are thus more suited to neural net pattern recognition.. However 
when subjected to a 4X4 neighbor Median filter and 40 percent clipping, pencil-shaped fingers are deleted. Other combinations 
include, for example, a 50 percent cropping and 4X4 neighbor median filtering. Other filtering methods include custom linear 
filtering, adaptive (Weiner) filtering, and custom n ^j^ r filtering. 

The DSP 17 may provide data'^s^e'results, sucfras extracting the shortest time delay with a detectable relative signal 
strength, to the router/distributor 23, or alternatively results nity be processed via one or more image filters 19, with subsequent 
transmission to the router/distributor 23. The router/distributor 23 examines the processed message data from the DSP 17 and stores 
routing and distribution information in the message header. The rdiiter/distributor 23 then forwards the data messages to the output 
queue 21, for subsequent queuing then transmission to the appropriate location estimator FOMs. 



LOCATION CENTER HIGH LEVEL FUNCTIONALITY 

At a very high level the location center l« computes location estimates for a wireless Mobile Station 140 (denoted the 
"target MS" or "MS") by performing the following steps: 

(23.1) receiving signal transmission charaderisticftof communications communicated between the target MS 1 40 and one or 
more wireless infrastructure base stations 122; \ 

(23 2) filtering the received signal transmission characteristics (by a signal processing subsystem 1220 illustrated in Fig. 5) as 
needed so that target MS location data can be generated thL is uniform and consistent with location data generated from other 
target MSs 140. In particular, such uniformity and consistent is both in terms of data structures and interpretation of signal 
characteristic values provided bftthe MS location data; \ 
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(23 J) inputting the generated target MS locationVlata to one or more MS location estimating models (denoted First order models 
or FOMs, and labeled collectively as 1224 in Fig. S), so that each such model may use the input target MS location data for generating 
a "location hypothesis" providing an estimate of the location of the target MS 140; 

(23.4) providing the generated location hypotheses to ah hypothesis evaluation module (denoted the hypothesis evaluator 1228 in 
Fig. 5): 

(a) for adjusting at least one of the targel MS location estimates of the generated location hypotheses and related 
confidence values indicating the confidence given to each lokion estimate, wherein such adjusting uses archival information related 
to the accuracy of previously generated location hypotheses, ' 

(b) for evaluating the location hypotheses according to various heuristics related to, for example, the radio coverage 
area 120 terrain, the laws of physics, characteristics of likely movement of the target MS 140; and 

(c) for determining a most likely location area Vor the target MS 1 40, wherein the measurement of confidence 
associated with each input MS location area estimate is used for determining a "most likely location area"; and 

(23.5) outputting a most likely target MS location estimate to he or more appHcariefwH 232 (rig. 2.0) requesting an estimate of 
the location of the taWet MS 140. 



Location Hypothesis Data Representation 

In order to describe how the steps (23.1) through (23.5) are performed in the sections below, some introductory remarks 
related to the data denoted above as location hypotheses will be helpful. Additionally, it will also be helpful to provide introductory 
remarks related to historical location data and the data base management programs associated therewith. 

For each target MS location estimate generated and utilized by the present invention, the location estimate is provided in a 
data structure (or object class) denoted as a "location hypothesis" (illustrated in Table LH-I). Although brief descriptions of the data 
fields for a location hypothesis is provided in the Table LH-I, many fields require additional explanation. Accordingly, location 
hypothesis data fields are further described as noted below. 

Table LH-I 



FOMJD 


First order model ID (providing this Location Hypothesis); note, since it is possible for location 




hypotheses to be generated by other than the FOMs 1224, in general, this field identifies the 




module that generated this location hypothesis. 


MSJD 


The identification of the target MS 140 to this location hypothesis applies. 


pt_est 


The most likely location point estimate of the target MS 140. 


valid_pt 


Boolean indicating the validity of "pt_est". 
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area_est 


Location Area Estimate of the target MS 140 provided by the FOM. This area estimate will be 
used whenever "image area" below is NULL. 


valid_area 


Boolean indicating the validity of "area_est" (one of H pt_est" and "area est" must be 
valid). 


adjust 


Boolean (true if adjustments to the fields of this location hypothesis are to be performed in 
the Context adjuster Module). 


pt_covering 


Reference to a substantially minimal area (e.g., mesh cell) covering of "pt est". Note, since 
this MS 140 may be substantially on a cell boundary, this covering may, in some cases, include 
more than one cell. 


image_area 


Reference to a substantially minimal area (e.g., mesh cell) covering of "pt covering" (see 
detailed description of the function, "confidence_adjuster"). Note that if this field is not 
NULL, then this is the target MS location estimate used by the location center 142 instead of 
"area_est". 


extrapolation_area 


Reference to (if non-NULL) an extrapolated MS target estimate area provided by the location 
extrapolator submodule 1432 of the hypothesis analyzer 1332. That is, this field, if non-NULL, 
is an extrapolation of the "imagearea" field if it exists, otherwise this field is an 
extrapolation of the "area est" field. Note other extrapolation fields may also be provided 
depending on the embodiment of the present invention, such as an extrapolation of the - 
"pt_covering". 


confidence 


A real value in the range [-1.0, +1.0] indicating a likelihood that the target MS 140 is in (or 
out) of a particular area. If positive: if "image area" exists, then this is a measure of the 
likelihood that the target MS 140 is within the area represented by "image area", or if 
"image_area" has not been computed (e.g., "adjust" is FALSE), then M area_est" must be 
valid and this is a measure of the likelihood that the target MS 140 is within the area 
represented by "areajist". If negative, then "area_est" must be valid and this is a measure 
of the likelihood that the target MS 140 is NOT in the area represented by "area est". If it is 
zero (near zero 1 !, then the likelihood k untrnnwn 


OriginalJTimestamp 


Date and time that the location signature cluster (defined hereinbelow) for this location 
hypothesis was received by the signal processing subsystem 1220. 


Active_Timestamp 


Run-time field providing the time to which this location hypothesis has had its MS location 
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estimate(s) extrapolated (in the location extrapolator 1432 of the hypothesis analyzer 1332). 
Note that this field is initialized with the value from the "Original_Timestamp" field. 


Processing Tags and environmental 
categorizations 


For indicating particular types of environmental classifications not readily determined by the 
M Original_Timestamp" field (e.g., weather, traffic), and restrictions on location hypothesis 
processing. 


locjig_duster 


Provides access to the collection of location signature signal characteristics derived from 
communications between the target MS 140 and the base station(s) detected by this MS 
(discussed in detail hereinbelow); in particular, the location data accessed here is provided to 
the first order models by the signal processing subsystem 1220; i.e., access to the "loc sigs" 
(received at "timestamp" regarding the location of the target MS) 


descriptor 


Original descriptor (from the First order model indicating why/how the Location Area Estimate 
and Confidence Value were determined). 



As can be seen in the Table LH-I , each location hypothesis data structure includes at least one measurement, denoted 
hereinafter as a confidence value (or simply confidence), that is a measurement of the perceived likelihood that an MS location 
estimate in the location hypothesis is an accurate location estimate of the target MS 140. Since such confidence values are an 
5 important aspect of the present invention, much of the description and use of such confidence values are described below; however, a 
brief description is provided here. Each such confidence value is in the range -1.0 to 1.0, wherein the larger the value, the greater the 
perceived likelihood that the target MS 1 40 is in (or at) a corresponding MS location estimate of the location hypothesis to which the 
confidence value applies. As an aside, note that a location hypothesis may have more than one MS location estimate (as will be 
discussed in detail below) and the confidence value will typically only correspond or apply to one of the MS location estimates in the 

10 location hypothesis. Further, values for the confidence value field may be interpreted as: (a) -1.0 may be interpreted to mean that 
the target MS 140 is NOT in such a corresponding MS area estimate of the location hypothesis area, (b) 0 may be interpreted to mean 
that it is unknown as to the likelihood of whether the MS 140 in the corresponding MS area estimate, and (c) + 1.0 may be 
interpreted to mean that the MS 140 is perceived to positively be in the corresponding MS area estimate. 

Additionally, note that it is within the scope of the present invention that the location hypothesis data structure may also 

15 include other related "perception" measurements related to a likelihood of the target MS 140 being in a particular MS location area 
estimate. For example, it is within the scope of the present invention to also utilize measurements such as, (a) "sufficiency factors" 
for indicating the likelihood that an MS location estimate of a location hypothesis is sufficient for locating the target MS 140; (b) 
"necessity factors" for indicating the necessity that the target MS be in an particular area estimate. However, to more easily describe 
the present invention, a single confidence field is used having the interpretation given above. 
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Additionally, in utilizing location hypotheses in, for example, the location evaluator 1228 as in (23.4) above, it is important 
to keep in mind that each location hypothesis confidence value is a relative measurement. That is, for confidences, cf, and cf 2 , if cf, 
< = cfj, then for a location hypotheses Hv and H 3 having cf, and cf 2 , respectively, the target MS 140 is expected to more likely reside 
in a target MS estimate of W 2 than a target NS estimate of H,. Moreover, if an area, A, is such that it is included in a plurality of 
location hypothesis target MS estimates, thetfa confidence score, CS A , can be assigned to A, wherein the confidence score for such an 
area is a function of the confidences (both positive and negative) for all the location hypotheses whose (most pertinent) target MS 
location estimates contain A. That is, in order t\ determine a most likely target MS location area estimate for outputting from the 
location center 142, a confidence score is determined for areas within the location center service area. More particularly, if a function, 
'T\ is a function of the confidence(s) of location Hypotheses, and f is a monotonic function in its parameters and f(cf,, cf 2 , cf 3 , , 
cf N ) = CS A for confidences cf ; of location hypothese\ H it i= I,2,...,N, with CS A contained in the area estimate for Hi, then T is 
denoted a confidence score function. Accordingly, thto are many embodiments for a confidence score function f that may be utilized 
in computing confidence scores with the present invention; e.g., 

(a) f (cf ( , cf 2 cf N ) = S cf s = CS A ; 

(b) f(cf„cf 2 ,..,cf N ) = Scf; n = CS A ,n = ll5,... ; 

(c) f(cf,, cf 2 , ... »cf N ) = S (K, * cf;) = CS A , whetein Kj,i = 1,2, ...are positive system (tunable) constants (possibly 
dependent on environmental characteristics such as topograjhy, time, date, traffic, weather, and/or the type of base station(s) 1 22 
from which location signatures with the target MS 140 are beite generated, etc.). 

For the present description of the invention, the function f as defined in (c) immediately above is utilized. However, for 
obtaining a general understanding of the present invention, the simpler confidence score function of (a) may be more useful. It is 
important to note, though, that it is within the scope of the present invention to use other functions for the confidence score f unction. 

Coverage Area: Area Types And Their Determination 

The notion of "area type" as related to wireless signal transmission characteristics has been used in many investigations of 
radio signal transmission characteristics. Some investigators, when investigating such signal characteristics of areas have used 
somewhat naive area classifications such as urban, suburban, rural, etc. However, it is desirable for the purposes of the present 
invention to have a more operational definition of area types that is more closely associated with wireless signal transmission 
behaviors. 

To describe embodiments of the an area type scheme used in the present invention, some introductory remarks are first 
provided. Note that the wireless signal transmission behavior for an area depends on at least the following criteria: 

(23.8.1) substantially invariant terrain characteristics (both natural and man-made) of the area; e.g., mountains, 
buildings, lakes, highways, bridges, building density; 

(23.8.2) time varying environmental characteristics (both natural and man-made) of the area; e.g., foliage, traffic, 
weather, special events such as baseball games; 
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(23.8.3) wireless communication components or infrastructure in the area; e.g., the arrangement and signal 

communication characteristics of the base stations 122 in the area. Further, the antenna characteristics at the base 
stations 122 may be important criteria. 

Accordingly, a description of wireless signal characteristics for determining area types could potentially include a 
characterization of wireless signaling attributes as they relate to each of the above criteria. Thus, an area type might be: hilly, treed, 
suburban, having no buildings above SO feet, with base stations spaced apart by two miles. However, a categorization of area types 
is desired that is both more closely tied to the wireless signaling characteristics of the area, and is capable of being computed 
substantially automatically and repeatedly over time. Moreover, for a wireless location system, the primary wireless signaling 
characteristics for categorizing areas into at least minimally similar area types are: thermal noise and, more importantfy, multipath 
characteristics (e.g., multipath fade and time delay). 

Focusing for the moment on the multipath characteristics, it is believed that (23.8.1) and (23.8.3) immediately above are, 
in general, more important criteria for accurately locating an MS 140 than (23.8.2). That is, regarding (23.8.1), multipath tends to 
increase as the density of nearby vertical area changes increases, for example, multipath is particularly problematic where there is a 
high density of high rise buildings and/or where there are closely spaced geographic undulations. In both cases, the amount of 
change in vertical area per unit of area in a horizontal plane (for some horizontal reference plane) may be high. Regarding (23.83), 
the greater the density of base stations 122, the less problematic multipath may become in locating an MS 140. Moreover, the 
arrangement of the base stations 122 in the radio coverage area 120 in Fig. 4 may affect the amount and severity of multipath. 

Accordingly, it would be desirable to have a method and system for straightforwardly determining area type classifications 
related to multipath, and in particular, multipath due to (23.8.1) and (23.83). The present invention provides such a 
determination by utilizing a novel notion of area type, hereinafter denoted "transmission area type" (or, "(transmission) area type" 
when both a generic area type classification scheme and the transmission area type discussed hereinafter are intended) for classifying 
"similar" areas, wherein each transmission area type class or category is intended to describe an area having at least minimally 
similar wireless signal transmission characteristics. That is, the novel transmission area type scheme of the present invention is based 
on: (a) the terrain area classifications; e.g., the terrain of an area surrounding a target MS 140, (b)-the configuration of base stations 
122 in the radio coverage area 120, and (c) characterizations of the wireless signal transmission paths between a target MS 140 
location and the base stations 1 22. 

one embodiment of a method and systemfor determining such (transmission) area type approximations, a partition 
(denoted hereinafter as P„) is imposed upon the radio coverage area 120 for partitioning for radio coverage area into subareas, 
wherein each subarea is an estimate of an area having included MS 140 locations that are likely to have is at least a minimal amount 
of similarity in their wireless signaling characteristics. To oLin the partition P„ of the radio coverage area 120, the following steps 
are performed: \ 

(23.8.4.1) Partition the radio coverage area 120 intdaubareas, wherein in each subarea is: (a) connected, (b) variations in 
the lengths of chords sectioning the subarea through the centroid of the subarea are below a predetermined 
threshold, (c) the subarea has an area below a predetermined value, and (d) for most locations (e.g., within a first 
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or secondjjdeviation) wffi^the subarea whose Wireless signaling characteristics have been verified, it is likely (e.g., 
within a first or secorffifflTthaTan MS 140 at one of these locations will detect (forward transmission path) 
and/or will be detected (reverse transmission path\ by a same collection of base stations 122. For example, in a 
COMA context, a first such collection may be (for the\forward transmission path) the active set of base stations 
122, or, the union of the active and candidate sets, or,W union of the active, candidate and/or remaining sets of 
base stations 122 detected by "most" MSs 140 in . Additionally (or alternatively), a second such collection may be 
the base stations 122 that are expected to detect MSs I40V locations within the subarea. Of course, the union or 
intersection of the first and second collections is also withimthe scope of the present invention for partitioning the 
radio coverage area 120 according to (d) above. It is worth noting that it is believed that base station 122 power 
levels will be substantially constant However, even if this is ndi the case, one or more collections for (d) above 
may be determined empirically and/or by computationally simulating the poweroutput of each base station 122 at 
a predetermined level. Moreover, it is also worth mentioning thatWiis step is relatively straightforward to 
implement using the data stored in the location signature data baseW (i.e., the verified location signature 
clusters discussed in detail hereinbelow). Denote the resulting partition here as P,. 
15 (23.8.4.2) Partition the radio coverage area 120 into subareas, wherein each subarea appears to have substantially 

homogeneous terrain characteristics. Note, this may be performed periodically substantially automatically by 
scanning radio coverage area images obtained from aerial or satellite imagtog. for example, EarthWatch Inc. of 
Longmont, CO can provide geographic with 3 meter resolution from satellite toiaging data. Denote the resulting 
partition here as P 2 . 

(23.8.4 J) Overlay both of the above partitions of the radio coverage area 120 to obtain\ew subareas that are 

intersections of the subareas from each of the above partitions. This new partitions P 0 (i.e., P 0 = P, intersect 
P 2 ), and the subareas of it are deno\ed as "P 0 subareas". 
Now assuming P 0 has been obtained, the subareas of P 0 are provided with a first classification or categorization as follows: 
(23.8.4.4) Determine an area type categorization scheme for the subareas of P,. For example, a subarea, A, of P„ may be 
categorized or labeled according to the number of base stations 122 in each of the collections used in (23.8.4.l)(d) 
above for determining subareas of P,. Thus, in one such categorization scheme, each category may correspond to 
a single number x (such as 3), wherein for a subarea, A, of this category, there is a group of x (e.g., three) base 
stations 122 that are expected to be detected by a most target MSs 140 in the area A. Other embodiments are also 
possible, such as a categorization scheme wherein each category may correspond to a triple: of numbers such as 
(S, 2, 1), wherein for a subarea A of this category, there is a common group of 5 base stations 122 with two-way 
signal detection expected with most locations (e.g., within a first or second deviation) within A, there are 2 base 
stations that are expected to be detected by a target MS 140 in A but these base stations can not detect the target 
MS, and there is one base station 1 22 that is expected to be able to detect a target MS in A but not be detected. 
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(23.8.4.5) Determine an area type categorization scheme for the subareas of P 2 . Note that the subareas of P 2 may be 
categorized according to their similarities. In one embodiment, such categories may be somewhat similar to the 
naive area types mentioned above (e.g., dense urban, urban, suburban, rural, mountain, etc.). However, it is also 
an aspect of the present invention that more precise categorizations may be used, such as a category for all areas 
having between 20,000 and 30,000 square feet of vertical area change per 1 1 ,000 square feet of horizontal area 
and also having a high traffic volume (such a category likely corresponding to a "moderately dense urban" area 
type). 

(23.8.4.6) Categorize subareas of P„ with a categorization scheme denoted the "P 0 categorization," wherein for each P 0 
subarea, A, of P 0 a "P„ area type" is determined for A according to the following substep(s): 

(a) Categorize A by the two categories from (23.8.4.4) and (23.8.5) with which it is identified. Thus, A is 
categorized (in a corresponding P 0 area type) both according to its terrain and the base station 
infrastructure configuration in the radio coverage area 120. 

(23.8.4.7) For each P 0 subarea, A, of P 0 perform the following step(s): 

(a) Determine a centroid, C(A), for A; 

(b) Determine an approximation to a wireless transmission path between C(A) and each base station 122 
of a predetermined group of base stations expected to be in (one and/or two-way) signal 
communication with most target MS 140 locations in A. For example, one such approximation is a 
straight line between C(A) and each of the base stations 122 in the group. However, other such 
approximations are within the scope of the present invention, such as, a generally triangular shaped 
area as the transmission path, wherein a first vertex of this area is at the corresponding base station 
for the transmission path, and the sides of the generally triangular shaped defining the first vertex 
have a smallest angle between them that allows A to be completely between these sides. 

(c) For each base station 122, BS it in the group mentioned in (b) above, create an empty list, BS,-list, and 

put on this list at least the P 0 area types for the "significant" P 0 subareas crossed by the 
transmission path between C(A) and BS,. Note that "significant" P 0 subareas may be defined as, for 
example, the P 0 subareas through which at least a minimal length of the transmission path traverses. 
Alternatively, such "significant" P 0 subareas may be defined as those P 0 subareas that additionally 
are know or expected to generate substantial multipath. 

(d) Assign as the transmission area type for A as the collection of BS r lists. Thus, any other P 0 subarea 

having the same (or substantially similar) collection of lists of P 0 area types will be viewed as having 
approximately the same radio transmission characteristics. 
Note that other transmission signal characteristics may be incorporated into the transmission area types. For example, 
thermal noise characteristics may be included by providing a third radio coverage area 120 partition, P 3 , in addition to the partitions 
of P, and P 2 generated in (23.8.4.1) and (23.8.4.2) respectively. Moreover, the time varying characteristics of (23.8.2) may be 
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incorporated in the transmission area type frame work by generating multiple versions of the transmission area types such that the 
transmission area type for a given subarea of P 0 may change depending on the combination of time varying environmental 
characteristics to be considered in the transmission area types. For instance, to account for seasonality, four versions of the partitions 
P, and P 2 may be generated, one for each of the seasons, and subsequently generate a (potentially) different partition P 0 for each 
5 season. Further, the type and/or characteristics of base station 122 antennas may also be included in an embodiment of the 
transmission area type* 

Accordingly, in one embodiment of the present invention, whenever the term "area type" is used hereinbelow, 
transmission area types as described hereinabove are intended. 

Location Information Data Bases And Data 

10 Location Data Bases Introduction 

It is an aspect of the present invention that MS location processing performed by the location center 1 42 should become increasingly 
better at locating a target MS 140 both by (a) building an increasingly more detailed model of the signal characteristics of locations in the 
service area for the present invention, and also (b) by providing capabilities for the location center processing to adapt to environmental 
changes. 

15 One way these aspects of the present invention are realized is by providing one or more data base management systems and data 

bases for: 

(a) storing and associating wireless MS signal characteristics with known locations of MSs 140 used in providing the signal 
characteristics. Such stored associations may not only provide an increasingly better model of the signal characteristics of the geography of the 
service area, but also provide an increasingly better model of more changeable signal characteristic affecting environmental factors such as 

20 weather, seasons, and/or traffic patterns; 

(b) adaptively updating the signal characteristic data stored so that it reflects changes in the environment of the service 
area such as, for example, a new high rise building or a new highway. 

Referring again to Fig. S of the collective representation of these data bases is the location information data bases 1232. Included 
among these data bases is a data base for providing training and/or calibration data to one or more trainable/calibratable FOMs 1224, as well 

25 as an archival data base for archiving historical MS location information related to the performance of the FOMs. These data bases will be 
discussed as necessary hereinbelow. However, a further brief introduction to the archival data base is provided here. Accordingly, the term, 
"location signature data base" is used hereinafter to denote the archival data base and/or data base management system depending on the 
context of the discussion. The location signature data base (shown in, for example, Fig. 6 and labeled 1320) is a repository for wireless signal 
characteristic data derived from wireless signal communications between an MS 140 and one or more base stations 122, wherein the 

30 corresponding location of the MS 140 is known and also stored in the location signature data base 1320. More particularly, the location 
signature data base 1320 associates each such known MS location with the wireless signal characteristic data derived from wireless signal 
communications between the MS 140 and one or more base stations 1 22 at this MS location. Accordingly, it is an aspect of the present invention 
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to utilize such historical MS signal location data for enhancing the correctness and/or confidence of certain location hypotheses as will be 
described in detail in other sections below. 

Data Representations for the Location Signature Data Base 

There are four fundamental entity types (or object clasto in an object oriented programming paradigm) utilized in the location 
signature data base 1320. Briefly, these data entities arc described^ the items (24.1) through (24.4) that follow: 
(24.1) (verified) location signatures: Each such (verified) locatibn signature describes the wireless signal characteristic measurements 
between a given base station (e.g. f BS 122 or LBS 152) and an MS l4o\at a (verified or known) location associated with the (verified) location 
signature. That is, a verified location signature corresponds to a locatibn whose coordinates such as latitude-longitude coordinates are known, 
while simply a location signature may have a known or unknown location corresponding with it. Note that the term (verified) location 
signature is also denoted by the abbreviation, "(verified) loc sig" herein&eiow; 

(142) (verified) location signature clusters: Each such (verified) location signature cluster includes a collection of (verified) location 
signatures corresponding to all the location signatures between a target Mi 140 at a (possibly verified) presumed substantially stationary 
location and each BS (e.g., 122 or 152) from which the target MS 140 can ditect the BS's pilot channefg^s^^ of the BS in 

the target MS (i.e., for CDMA, regardless of whether a BS is in the MS's activl candidate or remainingtae station sets, as one skilled in the art 
will understand). Note that for simplicity here, it is presumed that each location signature cluster has a single fixed primary base station to 
which the target MS 140 synchronizes or obtains its timing; \ 

(243) "composite location objects (or entities)": Each such entity is a mofe general entity than the verified location signature duster. An 
object of this type is a collection of (verified) location signatures that are associated with the same MS 140 at substantially the same location at 
the same time and each such loc sig is associated with a different base station. Hdwever, there is no requirement that a loc sig from each BS 
122 for which the MS 140 can detect the BS's pilot channel is included in the "composite location object (or entity)"; and 
(24.4) MS location estimation data that includes MS location estimates output by one or more MS location estimating first order models 
1224, such MS location estimate data is described in^detail hereinbelow. > 

It is important to note that a loc sig is, in one embodiment, an instance of the data structure containing the signal characteristic measurements 
output by the signal filtering and normaliiing subsystem also denoted as the signal processing subsystem 1220 describing the signals between: (i) a specific 
base station 122 (BS) and (ii) a mobile station 140 (MS), wherein the BS's location is known and the MS's location is assumed to be substantially constant 
(during a 2-S second interval in one embodiment of the present invention), during communication with the MS 140 for obtaining a single instance of loc sig 
data, although the MS location may or may not be known. Further, for notational purposes, the BS 122 and the MS 140 for a loc sig hereinafter will be denoted 
the "BS associated with the loc sig", and the "MS associated with the loc sig" respectively. Moreover, the location of the MS 140 at the time the loc sig data 
is obtained will be denoted the "location associated with the loc sig" (this location possibly being unknown). 

In particular, for each (verified) loc sig incudes the following: 
(25.1) MS_type: the make and model of the target fiS 140 associated with a location signature instantiation; note that the type of MS 
140 can also be derived from this entry; e.g., wftetfier MS 1 40 is a handset MS, car-set MS, or an MS for location only. Note as an 
aside, for at least CDMA, the type of MS 140 provides information as to the number of fingers that may be measured by the MS., as 
one skilled in the v^jl appreciate. , 
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(252) BS Jd: an identification of the base station 122 (or, location base station 152) communicating with the target MS; 

(253) MS Ioc: a representation of a geographic location (e.g M latitude-longitude) or area representing a verified/known MS location where 



attribute (discussed below) is TRUE, then this attribute includes an estimated location of the target MS. If verified flag is 
FALSE, then this attribute has a value indicating "location unknown". 

Note "MSJoc" may include the following two subfields: an area within which the target MS is presumed to be, and a 
point location (e.g., a latitude and longitude pair) where the target MS is presumed to be (in one embodiment this is the 
centroid of the area); 

(25.4) verifiedj lag: a flag for determining whether the loc sig has been verified; i.e., the value here is TRUE iff a location of MS Joe 

has been verified, FALSE otherwise. Note, if this field is TRUE (i.e., the loc sig is verified), then the base station identified by 
BS jd is the current primary base station for the target MS; 

(25.5) confidence: a value indicating how consistent this loc sig is with other loc sigs in the location signature data base 1320; the 

value for this entry is in the range [0, 1] with 0 corresponding to the lowest (i.e., no) confidence and I corresponding to the 
highest confidence. That is, the confidence factor is used for determining how consistent the loc sig is with other "similar verified 
loc sigs in the location signature data base 1320, wherein the greater the confidence value, the better the consistency with other loc 
sigs in the data base. Note that similarity in this context may be operationalized by at least designating a geographic proximity of a 
loc sig in which to determine if it is similar to other loc sigs in this designated geographic proximity and/or area type (e.g n 
transmission area type as elsewhere herein). Thus, environmental characteristics may also be used in determining similarities such as: 
similar time of occurrence (e.g. f of day, and/or of month), similar weather (e.g., snowing, raining, etc). Note, these latter 
characteristics are different from the notion of geographic proximity since proximity may be only a distance measurement about a 
location. Note also that a loc sig having a confidence factor value below a predetermined threshold may not be used in evaluating MS 
location hypotheses generated by the FOMs 1224. 

(25.6) timestamp: the time and date the loc sig was received by the associated base station of BS id; 

(25.7) signal topography characteristics: In one embodiment the signal topography characteristics retained can be represented as 

characteristics of at least a two-dimensional generated surface. That is, such a surface is generated by the signal processing 
subsystem 1220 from signal characteristic accumulated over (a relatively short) time interval. For example, in the two-dimensional 
surface case, the dimensions for the generated surface may be, for example, signal strength and time delay. That is, the 
accumulations over a brief time interval of signal charaaerittic measurements between the BS 122 and the MS 140 (associated with 
the loc sig) may be classified according to the two signal characteristic dimensions (e.g., signal strength and corresponding time 
delay). That is, by sampling the signal characteristics and classifying the samples according to a mesh of discrete cells or bins, 
wherein each cell correspondi to a different range of signal strengths and time delays a tally of the number of samples falling in the 
range of each cell can be maintained. Accordingly, for each cell, its Arresponding tally may be interpreted as height of the cell, so 
that when the heights of all cells are considered, an undulating or mouhtainous surface is provided. In particular, fora cell mesh of 
appropriate fineness, the "mountainous surface", is believed to, under nfbst circumstances, provide a contour that is substantially 



signal characteristics between the associated (location) base station and MS 140 were received. That is, if the "verified flag' 
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unique to the location of the target MS HO. Note that « one embodiment, the signal samples are typically obtained throughout a 
predetermined signal sampling time interval of 2-5 secohds as is discussed elsewhere in this specification. In particular, the signal 
topography characteristics retained for a loc sig include certain topographical characteristic of such a generated mountainous 
surface. Forexample, each loc sig may include: for each local maximum (of the loc sig surface) above a predetermined noise ceiling 
threshold, the (signal strength, time delay) coordinates of trfe cell of the local maximum and the corresponding height of the local 
maximum. Additionally, certain gradients may also be induded for characterizing the "steepness" of the surface mountains. 
Moreover, note that in some embodiments, a frequency may alio be associated with each local maximum. Thus, the data retained for 
each selected local maximum can include a quadruple of signal sVength, time delay, height and frequency. Further note that the data 
types here may vary. However, for simplicity, in parts of the desdjption of loc sig processing related to the signal characteristics 
here, it is assumed that the signal characteristic topography data sftucture here is a vector, 

(25.8) quality_obj: signal quality (or error) measurements, e.g, Eb/No values, as one skilled in the art will understand; 

(25.9) noise ceiling: noise ceiling values used in the initial filtering of noise from the signal topography characteristics as provided by the signal 

processing subsystem 1220; 

(25.10) powerjevel: power levels of the base station (e.g, 122 or 152) and MS 140 forthe signal measurements; 

(25.1 1) timing_erronan estimated (or maximum) timing error between the present (associated) BS (e.g., an infrastructure base station 122 or 

a location base station 152) detecting the target MS 140 and the current primary BS 122 forthe target MS 140. Note that if the BS 
122 associated with the loc sig is the primary base station, then the value here will be zero; 

(25.12) cluster ptn a pointer to the location signature composite entity to which this loc sig belongs. 

(25.13) repeatable: TRUE iff the loc sig is "repeatable" (as described hereinafter), FALSE otherwise. Note that each verified loc sig is designated 

as either "repeatable" or "random". A loc sig is repeatable if the (verified/known) location associated with the loc sig is such that 
signal characteristic measurements between the associated BS 122 and this MS can be either replaced at periodic time intervals, or 
updated substantially on demand by most recent signal characteristic measurements between the associated base station and the 
associated MS 140 (or a comparable MS) at the verified/knowAlocation. Repeatable loc sigs may be, for example, provided by 
stationary or fixed location MSs 140 (e.g., fixed location transceivers) distributed within certain areas of a geographical region 
serviced by the location center 142 for providing MS location estimates. That is, it is an aspect of the present invention that each such 
stationary MS 140 can be contacted by the location center 142 (viaVhe base stations of the wireless infrastructure) at substantially 
any time for providing a new collection (i.e., cluster ) of wireless sigL characteristics to be associated with the verified location for 
the transceiver. Alternatively, repeatable loc sigs may be obtained byW example, obtaining location signal measurements manually 
from workers who regularly traverse a predetermined route through so\ie portion of the radio coverage area; i.e, postal workers (as» 
will b e described in more de^ l l i eie i nue¥w > 

A loc sig is random if the loc sig is not repeatable. Random loc sigs are obtained, for example, from verifying a previously unknown 
target MS location once the MS 140 has been located. Such verifications may be accomplished by, for example, a vehicle having one or 
more location verifying devices such as a GPS receiver and/or a manual location input capability becoming sufficiently dose to the 
located target MS 140 so that the location of the vehicle may be associated with the wireless signal characteristics of the MS 140. 
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Vehicles having such location detection devices may include: (a) vehicles that travel to locations that are primarily for another 
purpose than to verify loc sigs, e.g., police cars, ambulances, fire trucks, rescue units, courier services and taxis; and/or (b) vehicles 
whose primary purpose is to verify loc sigs; e.g., location signal calibration vehicles. Additionally, vehicles having both wireless 
transceivers and location verifying devices may provide the location center 142 with random loc sigs. Note, a repeatable loc sig may 
become a random loc sig if an MS 140 at the location associated with the loc sig becomes undetectable such as, for example, when the 
MS 140 is removed from its verified location and therefore the loc sig for the location can not be readily updated. 

Additionally, note that at least in one embodiment of the signal topography characteristics (25.7) above, such a first surface may be 
generated for the (forward) signals from the base station 122 to the target MS 140 and a second such surface may be generated for (or 
alternatively, the first surface may be enhanced by increasing its dimensionality with) the signals from the MS 140 to the base station 122 
(denoted the reverse signals). 

Additionally, in some embodiments the location hypothesis may include an estimated error as a measurement of perceived accuracy 
in addition to or as a substitute for the confidence field discussed hereinabove. Moreover, location hypotheses may also include a text field for 
providing a reason for the values of one or more of the location hypothesis fields. For example, this text field may provide a reason as to why 
the confidence value is low, or provide an indication that the wireless signal measurements used had a low signal to noise ratio. 

Loc sigs have the following functions or object methods associated therewith: 
(26.1) A "normalization" method for normalizing loc sig data according to the associated MS 140 and/or BS 122 signal processing and 
generating characteristics. That is, the signal processing subsystem 1220, one embodiment being described in the PCT patent 
application titled, "Wireless Location Using A Plurality of Commercial Network Infrastructures," by F. W. LeBlanc and the present 
inventor(s), provides (methods for loc sig objects) tor "normalizing" each ioc sig so that variations in signal characteristics resulting 
from variations in (for example) MS signal processirW and generating characteristics of different types of MS's may be reduced. In 
particular, since wireless network designers are typidlly designing networks for effective use of hand set MS's 140 having a 
substantially common minimum set of performance characteristics, the normalization methods provided here transform the loc sig 
data so that it appears as though the loc sig was provided by a common hand set MS 140. However, other methods may also be 
provided to "normalize" a loc sig so that it may be combared with loc sigs obtained from other types of MS's as well. Note that such 
normalization techniques include, for example, interpolating and extrapolating according to power levels so that loc sigs may be 
normalized to the same power level for, e.g M comparison purposes. 

Normalization for the BS 122 associated with a loc sig is similar to the normalization for MS signal processing and generating 
characteristics. Just as with the MS normalization, the signi processing subsystem 1220 provides a loc sig method for "normalizing" 
loc sigs according to base station signal processing and genefoting characteristics. 

Note, however, loc sigs stored in the location signature data base 1320 are NOT "normalized" according to either MS or 
BS signal processing and generating characteristics. That is, "raw" values of the wireless signal characteristics are stored with each 
loc sig in the location signature data base 1320. 
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(262) A method for determining the "area type" corresponding to the signal transmission characteristics of the area(s) between the associated 

BS 122 and the associated MS 140 location forthe loc sig. Note, such an area type may be designated by, for example, the techniques 
for determining transmission area types as described hereinabove. 

(263) Other methods are contemplated for determining additional environmental characteristics of the geographical area between the 

5 associated BS 122 and the associated MS 140 location forthe loc sig; e.g., a noise value indicating the amount of noise likely in such an 

area. 

Referring now to the composite location objects and verified location signature clusters of (24 J) and (242) respectively, the 
following information is contained in these aggregation objects: 
10 (27.1.1) an identification of the BS 122 designated as the primary base station for communicating with the target MS 140; 

(27.12) a reference to each loc sig in the location signature data base 1320 that is forthe same MS location at substantially the same time with 

the primary BS as identified in (27.1); 

(27.13) an identification of each base station (e.g„ 122 and 152) that can be detected by the MS 140 at the time the location signal 

measurements are obtained. Note that in one embodiment, each composite location object includes a bit string having a 
1 5 corresponding bit for each base station, wherein a "I" for such a bit indicates that the corresponding base station was identified by 

the MS, and a "0" indicates that the base station was not identified. In an alternative embodiment, additional location signal 
measurements may also be included from other non-primary base stations. Forexample, the target MS 140 may communicate with 
other base stations than it's primary base station. However, since the timing for the MS 140 is typically derived from it's primary 
base station and since timing synchronization between base stations is not exact (e.g., in the case of CDMA, timing variations may be 
20 plus or minus I microsecond)at least some of the location signal measurements may be less reliable that the measurements from the 

primary base station, unless a forced hand-off technique is used to eliminate system timing errors among relevant base stations; 
(27.1.4) a completeness designation that indicates whether any loc sigs forthe composite location object have been removed from (or 
invalidated in) the location signature data base 1320. 

25 Note, a verified composite location object is designated as "incomplete" if a loc sig initially referenced by the verified composite 

locationobject is deleted from the location signature data base 1320 (e.g., because of a confidence that is too low). Further note that if all loc 
sigs for a composite location object are deleted, then the composite object is also deleted from the location signature data base 1 320. Also note 
that common fields between loc sigs referenced by the same composite location object may be provided in the composite location object only 
(e.g.,timestamp,etc.). 

JO Accordingly, a composite location object that is complete (i.e., not incomplete) is a verified location signature cluster as described in 

(242). 

Location Center Architecture 
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Overview of Location Center Functional Components 

Fig. 5 presents a high level diagram of the location center 142 and the location engine 139 in the context of the infrastructure for the 
entire location system of the present invention. 

It is important to note that the architecture for the location center 142 and the location engine 139 provided by the present 
invention is designed for extensibility and flexibility so that MS 140 location accuracy and reliability may be enhanced as further location data 
become available and as enhanced MS location techniques become available. In addressing the design goals of extensibility and flexibility, the 
high level architecture for generating and processing MS location estimates may be considered as divided into the following high level functional 
groups described hereinbelow. 

Low Level Wireless Signal Processing Subsystem for Receiving and Conditioning Wireless Signal Measurements 

A first functional group of location engine 139 ritedules is for performing signal processing and filtering of MS location signal data 
received from a conventional wireless (e.g., CDMA) inf rastnirfbre, as discussed in the steps (23.1) and (232) above. This group is denoted the 
signal processing subsystem 1220 herein. One embodiment of such a subsystem is described in the PCT patent application titled, "Wireless 
Location Using A Plurality of Commercial Network InfrastrurturesAby F. W. LeBlancand the present inventor(s). . 

Initial Location Estimators: First Order Models 

A second f unctional group of location engine 139 modfiles is for generating various target MS 140 location initial estimates, as 
described in step (233). Accordingly, the modules here use input ptovided by the signal processing subsystem 1220. This second functional 
group includes one or more signal analysis modules or models, each Hereinafter denoted as a first order model 1224 (FOM), for generating 
location hypotheses for a target MS 140 to be located. Note that it is intended that each such FOM 1224 use a different technique for 
determining a location area estimate for the target MS 140. A brief desertion of some types of first onfer models is provided immediately 
below. Note that^i^4ta of the locatioXsystem for the present invention. In particular, this figure illustrates 

some of the FOMs 1224 contemplated by the present invention, and additioteliy illustrates the primary communications with other modules of 
the location system for the present invention. However, it is important to not\that the present invention is not limited to the FOMs 1224 shown 
and discussed herein. That is, it is a primary aspect of the present invention to Lily incorporate FOMs using other signal processing and/or 
computational location estimating techniques than those presented herein. Furtlk note that each FOM type may have a plurality of its models 
incorporated into an embodiment of^he present invention. 

For example, (as will be described in further detail below), one such type of model or FOM 1224 (hereinafter models of this type are 
referred to as "distance models") may be based on a range or distance computation and/or on a base station signal reception angle 
determination between the target MS 140 from each of one or more base stations. Basically, such distance models 1224 determine a location 
estimate of the target MS 140 by determining a distance offset from each of one or more base stations 122, possibly in a particular direction 
from each (some of) the base stations, so that an intersection of each area locus defined by the base station offsets may provide an estimate of 
the location of the target MS. Distance model FOMs 1224 may compute such offsets based on: 
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(a) signal timing measurements between the target mobile station 140 and one or more base stations 122; e.g„, timing 
measurements such as time difference of arrival (TDOA), or time of arrival (TOA). Note that both forward and reverse signal 
path timing measurements may be utilized; 

(b) signal strength measurements (e.g., relative to power control settings of the MS 140 and/orone or more BS 122); and/or 

(c) signal angle of arrival measurements, or ranges thereof, at one or more base stations 122 (such angles and/or angular ranges 

provided by,e.g., base station antenna sectors having angular ranges of 1 20° or 60°, or, so called "SMART antennas" with 
variable angular transmission ranges of 2° to 120°). 
Accordingly, a distance model may utilize triangulation ortrilateration to compute a location hypothesis having either an area location or a 
int location for an estimate of the target MS 140. Additionally, in some embodiments location hypothesis may include an estimated error 
Another type of f OM 1224 is a statistically based first order model 1224, wherein a statistical technique, such as regression 
techniques (e.g., least squares, partial least squares, principle decomposition), ore.g, BofengerBands (e.g., for computing minimum and 
maximum base station offsets). In general, models of this type oYtput location hypoth^etS&me^V *rforming one or more statistical 
techniques or comparisons between the verified location signature^ location signature data base 1320, and the wireless signal measurements 
from a target MS. Models of this type are also referred to hereinafte^as a "stochastic signal (first order) model" or a "stochastic f OM" or a 
"statistial^odel." 

Still another type of FOM 1224 is an adaptive learning model, such as an artificial neural net or a genetic algorithm, wherein the FOM 
may be trained to recognize or associate each of a plurality of locations with a corresponding set of signal characteristics for communications 
between the target MS 140 (at the location) and the base stations 122. Moreover, typically such a FOM is expected to accurately 
interpolate/extrapolate target MS 140 location estimates from a set of signal characteristics from an unknown target MS 140 location. Models 
of this type are also referred to hereinafter variously as "artificial neural net models" or "neural net models" or "trainable models" or 
"learning models." Note that a related type of FOM 1224 is based on pattern recognition. These FOMs can recognize patterns in the signal 
characteristics of communications between the target MS 140 (at the location) and the base stations 122 and thereby estimate a location area 
of the target MS. However, such FOMs may not be trainable. 

Yet another type of FOM 1224 can be based on a collec\iori of dispersed low power, low cost fixed location wireless transceivers (also 



denoted "location base stations 152" hereinabove) that are provide for detecting a target MS 140 in areas where, eg., there is insufficient base 
station 122 infrastructure coverage for providing a desired level of MS 140 location accuracy. For example, it may uneconomical to provide high 
traffic wireless voice coverage of a typical wireless base station 122 in i nature preserve or at a fair ground that is only populated a few days out 
of the year. However, if such low cost location base stations 152 an be flirected to activate and deactivate via the direction of a FOM 1224 of 
the present type, then these location base stations can teu0 t o both l ocM mraiafget MS 140 and also provide indications of where the target 
MS is not Forexample, if there are location base stations 152 populating a\ area where the target MS 140 is presumed to be, then by activating 
these location base stations 1 52, evidence may be obtained as to whether or tot the target MS is actually in the area; e.g., if the target MS 140 is 
detected by a location base station 152, then a corresponding location hypothecs having a location estimate corresponding to the coverage area 
of the location base station may have a very high confidence value. Alternatively if the target MS 140 is not detected by a location base station 
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152, then a corresponding location hypothesis having a tocation estimate corresponding to the coverage area of the location base station may 
haveavery low confidence value. Models of this type areVe ferred to hereinafter as "location base station models." 

Yet another type of FOM 1224 can be basefl on input from a mobile base station 148, wherein location hypotheses may be generated 
from target MS 140 location data received from the mobile base station 148. 

Still other types of FOM 1224 can be based on various techniques for recognizing wireless signal measurement patterns and 
associating particular patterns with locations in the coverage area 120. For example, artificial neural networks or other learning models can 
used as the basis for various FOMs. 

Note that the FOM types mentioned here as well as dther f OM types are discussed in detail hereinbelow. Moreover, it is important to 
keep in mind that a novel aspect of the present invention is the simultaneous use or activation of a potentially large number of such first order 
models 1 224, wherein such FOMs are not limited to those describea herein. Thus, the present invention provides a framework for incorporating 
MS location estimators to be subsequently provided as new FOMs inb straightforward manner. Forexample.a FOM 1224 based on wireless 
signal time delay measurements from a distributed antenna system for wireless communication may be incorporated into the present invention 
for locating a target MS 140 in an enclosed area serviced by the distribWed antenna system. Accordingly, by using such a distributed antenna 
FOM, the present invention may determine the floor of a multi-story building from which a target MS is transmitting. Thus, MSs 140 can be 
located in three dimensions using such a distributedartenna FOM. AddrLaHy, FOMs for detecting certain registration changes within, for 
example, a public switched telephone network can also be used for locatinV a target MS 140. For example, for some MSs 1 40 there may be an 
associated or dedicated device for each such MS that allows the MS to function as a cordless phone to a line based telephone network when the 
device detects that the MS is within signaling range. In one use of such a device (also ^enotcd herein as a "home base station"), the device 
registers with a home location register of the public switched telephone netwoV wL there is a status change such as from not detecting the 
corresponding MS to detecting the MS, or visa versa, as one skilled in the art wilLderstand. Accordingly, by providing a FOM that accesses the 
MS status in the home location register, the location engine 159 can determine whether the MS is within signaling range of the home base 
station or not, and generate location hypotheses accordingly. Moreover, other FOI^ based on, for example, chaos theory and/or fractal theory 
are also within the scope of f^e present invention. 

It is important to note the following aspects of the pbsent invention relating to FOMs 1224: 
(28.1) Each such first order model 1224 may be relatively easily Lrporated imp and/or removed from the present invention. For example, 
assuming that the signal processing subsystem 1220 provideluniforfffa^^ and there is a uniform FOM output interface, it is 
believed that a large majority (if not substantially all) viable IjS location estimation strategies may be accommodated. Thus, it is 
straightforward to add ordel^e such FOMs 1224. 
(28 J) Each such first order model 1 224 may be relatively simple and still provide significant MS 140 looting functionality and predictability. 
For example, much of what is believed to be common or generic MS location processing has been coalesced into, for example: a location 
hypothesis evaluation subsystem, denoted the hypotheses evaluator 1228 and described immediately below. Thus, the present invention is 
modularand extensible such that, forexample, (and importantly) different first order models 1224 may be utilized depending on the 
signal transmission characteristics of the geographic region serviced by an embodiment of the present invention. Thus, a simple 
configuration of the present invention may have a small number of FOMs 1224 for a simple wireless signal environment (e.g., flat terrain, 
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no urban canyons and low population density). Alternatively, for complex wireless signal environments such as in cities like San Francisco, 
Tokyo or New York,a large number of FOMs 1224 may be simultaneously utilized forgenerating MS location hypotheses. 

An Introduction to an Evaluator for Location Hypotheses: Hypothesis Evaluator 

A third functional group of location engine 139 modules evaluates location hypotheses output by the first order models 1224 and 
thereby provides a "most likely" target MS location estimate. The modules for this functional group are collectively denoted the hypothesis 
evaluator 1228. 

Hypothesis Evaluator Introduction 

A primary purpose of the hypothesis evaluator 1228 is to mitigate conflicts and ambiguities related to location hypotheses output by 
the first order models 1224 and thereby output a "most likely" estimate of an MS for which there is a request for it to be located. In providing 
this capability, there are various related embodiments of the hypothesis evaluator that are within the scope of the present invention. Since each 
location hypothesis includes both an MS location area estimate and a corresponding confidence value indicating a perceived confidence or 
likelihood of the target MS being within the corresponding location area estimate, there is a monotonic relationship between MS location area 
estimates and confidence values. That is, by increasing an MS location area estimate, the corresponding confidence value may also be increased 
(in an extreme case, the location area estimate could be the entire coverage area 120 and thus the confidence value may likely correspond to the 
highest level of certainty; + 1.0). Accordingly, given a target MS location area estimate (of a location hypothesis), an adjustment to its 
accuracy may be performed by adjusting the MS location area estimate and/or the corresponding confidence value. Thus, if the confidence 
value is, for example, excessively low then the area estimate may be increased as a technique for increasing the confidence value. Alternatively, 
if the estimated area is excessively large, and there is flexibility in the corresponding confidence value, then the estimated area may be 
decreased and the confidence value also decreased. Thus, if at some point in the processing of a location hypothesis, if the location hypothesis is 
judged to be more (less) accurate than initially determined, then (i) the confidence value of the location hypothesis can be increased 
(decreased), and/or (ii) the MS location area estimate can be decreased (increased). 

In a first class of embodiments, the hypothesis evaluator 1228 evaluates location hypotheses and adj usts or modifies only their 
confidence values for MS location area estimates and subsequently uses these MS location estimates with the adjusted confidence values for 
determining a "most likely" MS location estimate for outputting. Accordingly, the MS location area estimates are not substantially modified. 
Alternatively, in a second class of embodiments for the hypothesis evaluator 1228, MS location area estimates can be adjusted while confidence 
values remain substantially fixed. Of course, hybrids between the first two embodiments can also be provided. Note that the present 
embodiment provided herein adjusts both the areas and the confidence values. 

More particularly, the hypothesis evaluator 1 228 may perform any or most of the following tasks: 
(30.1) it utilizes environmental information to improve and reconcile location hypotheses supplied by the first order models 1224. A basic 

premise in this context is that the accuracy of the individual first order models may be affected by various environmental factors such 
as, for example, the season of the year, the time of day, the weather conditions, the presence of buildings, base station failures, etc; 
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(302) it enhances the accuracy of an initial location hyptohesis generated by afrFOM by using the initial location hypothesis as, 

essentially, a query or index into the location signature data base 1320 for obtaining a corresponding enhanced location 
hypothesis, wherein the enhanced location hypothecs has both an adjusted target MS location area estimate and an 
adjusted confidence based on past performance of th^FOM in the location service surrounding the target MS location 
estimate of the initial location hypothesis; 

(303) it determines how well the associated signal characteristics used for locating a target MS compare with particular verified loc sigs stored 

in the location signature data base 1320 (see the location signature data base section for further discussion regarding this aspect of the 
invention). That is, for a given location hypothesis, verified loc sigs (which were previously obtained from one or more verified 
locations of one or more MS's) are retrieved for an area corresponding to the location area estimate of the location hypothesis, and the 
signal characteristics of these verified loc sigs are compared with the signal characteristics used to generate the location hypothesis for 
determining their similarities and subsequently an adjustment to the confidence of the location hypothesis (and/or the size of the 
location area estimate); 

(30.4) the hypothesis evaluator 1228 determines if (or how well) such location hypotheses are consistent with well known physical constraints 
such as the laws of physics. For example, if the difference between a previous (most likely) location estimate of a target MS and a 
location estimate by a current location hypothesis requires the MS to: 

(al) move at an unreasonably high rate of speed (e.g., 200 mph), or 

(bl) move at an unreasonably high rate of speed for an area (e.g., 80 mph in a corn patch), or 

(cl) make unreasonably sharp velocity changes (eg, from 60 mph in one direction 

to 60 mph in the opposite direction in 4 sec), then the confidence in the current Location Hypothesis is likely to be 
reduced. 

Alternatively, if for example, the difference between a previous location estimate of a target MS and a current location hypothesis 
indicates that the MS is: 

(a2) moving at an appropriate velocity for the area being traversed, or 
(b2) moving along an established path (e.g., a freeway), 
then the confidence in the current location hypothesis may be increased. 
(30i) the hypothesis evaluator 1228 determines consistencies and inconsistencies between location hypotheses obtained from different first 
order models. For example, if two such location hypotheses, for substantially the same timestamp, have estimated location areas 
where the target MS is likely to be and these areas substantially overlap, then the confidence in both such location hypotheses may be . 
increased. Additionally, note that a velocity of an MS may be determined (via deltas of successive location hypotheses from one or 
more first order models) even when there is low confidence in the location estimates for the MS, since such deltas may, in some cases, 
be more reliable than the actual target MS location estimates; 
(30.6) the hypothesis evaluator 1228 determines new (more accurate) location hypotheses from other location hypotheses. For example, this 
module may generate new hypotheses from currently active ones by decomposing a location hypothesis having a target MS 
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location estimate intersecting two radically different area types. Additionally, this module may generate location hypotheses 

indicating areas of poor reception; and 
(30.7) the hypothesis evaluator 1228 determines and outputs a most likely location hypothesis fora target MS. 
Note that the hypothesis evaluator may accomplish the above tasks, (30.1) - (30.7), by employing various data processing tools including, but 
not limited to, fuzzy mathematics, genetic algorithms, neural networks, expert systems and/or blackboard systems. 

Note that, as can be seen in Figs. 6 and 7, the hypothesis evaluator 1228 includes the following four high level modules for 
processing output location hypotheses from the first order models 1224: a context adjuster 1326, a hypothesis analyzer 1332, an MS status 
repository 1338 and a most likelihood estimator 1334. These four modules are briefly described hereinbelow. 

Context Adjuster Introduction. 

The context adjuster 1326 module enhances both the comparability and predictability of the location hypotheses output by the first 
order models 1224. In particular, this module modifies location hypotheses received from the FOMs 1224 so that the resulting location 
hypotheses output by the context adjuster 1326 may be further processed uniformly and substantially without concern as to differences in 
accuracy between the first order models from which location hypotheses originate. In providing this capability, the context adjuster 1326 may 
adjust or modify various fields of the input location hypotheses. In particular, fields giving target MS 140 location estimates and/or confidence 
values forsuch estimates may be modified by the context adjuster 1326. Further, this module may determine those factors that are perceived to 
impart the perceived accuracy (e.g„ confidence) of the location hypotheses: (a) differently between FOMs, and/or (b) with substantial effect 
For instance, environmental characteristics may be taken into account here, such as time of day, season, month, weather, geographical area 
categorizations (e.g„ dense urban, urban, suburban, rural, mountain, etc), area subcategorizations (e.g., heavily treed, hilly, high traffic area, 
etc). A detailed description of one embodiment of this module is provided in APPENDIX D hereinbelow. Note that, the embodiment described 
herein is simplified for illustration purposes such that only the geographical area categorizations are utilized in adjusting (he., modifying) 
location hypotheses. But, it is an important aspect of the present invention that various categorizations, such as those mentioned immediately 
above, may be used for adjusting the location hypotheses. That is, categories such as, for example: 

(a) urban, hilly, high traffic at 5pm, or 

(b) rural, flat, heavy tree foliage density in summer may be utilized as one skilled in the art will understand from the descriptions 

contained hereinbelow. 

Accordingly, the present invention is not limited to the factors explicitly mentioned here. That is, it is an aspect of the present 
invention to be extensible so that other environmental factors of the coverage area 120 affecting the accuracy of location hypotheses may also 
be incorporated into the context adjuster 1326. 

It is also an important and novel aspect of the context adjuster 1326 that the methods for adjusting location hypotheses provided in 
this module may be generalized and thereby also utilized with multiple hypothesis compuational architectures related to various applications 
wherein a terrain, surface, volume or other "geometric" interpretation (e* a metric space of statistical samples) may be placed on a large 
body of stored application data for relating hypothesized data to verified data. Moreover, it is important to note that various techniques for 
'Visualizing data" may provide such a geometric interpretation. Thus, the methods herein may be utilized in applications such as: 
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(a) sonar, radar, x-ray or infrared identification of objects such as occurs in robotic navigation, medical image analysis, 
geological, and radar imaging. 

More generally, the novel computational paradigm of the context adjuster 1326 may be utilized in a number of applications wherein 
there is a large body of archived information providing verified or actual application process data related to the past performance of the 
application process. 

It is worth mentioning that the computational paradigm used in the context adjuster 1326 is a hybrid of a hypothesis adjuster and a 
data base query mechanism. For example, the context adjuster 1326 uses an input (location) hypothesis both as an hypothesis and as a data 
base query or index into the location signature data base 1320 for constructing a related but more accurate location hypothesis. Accordingly, 
substantial advantages are provided by this hybrid architecture, such as the following two advantages. 

As a first advantage, the context adjuster 1326 reduces the likelihood that a feedback mechanism is necessary to the initial 
hypothesis generators (le., FOMs 1224) for periodically adjusting default evaluations of the goodness or confidence in the hypotheses generated. 
That is, since each hypothesis generated is, in effect, an index into a data base or archive of verified application (e.g., location) data, the context 
adjuster 1326, in turn, generates new corresponding hypotheses based on the actual or verified data retrieved from an archival data base. Thus, 
as a result, this architecture tends to separate the computations of the initial hypothesis generators (e.g., the FOMs 1224 in the present MS 
location application) from any further processing and thereby provide a more modular, maintainable and flexible computational system. 

As a second advantage, the context adjuster 1326 tends to create hypotheses that are more accurate than the hypotheses generated 
by the initial hypotheses generators. That is, for each hypothesis, H, provided by one of the initial hypothesis generators, G (e.g.,a FOM 1224), 
a corresponding enhanced hypothesis, provided by the context adjuster 1326, is generated by mapping the past performance of G into the 
archived verified application data (as will be discussed in detail hereinbelow). In particular, the context adjuster hypothesis generation is based 
on the archived verified (or known) performance application data that is related to both G and H. For example, in the present wireless location 
application, if a FOM 1224, G, substantially consistently generates, in a particular geographical area, location hypotheses that are biased 
approximately 1000 feet north of the actual verified MS 140 location, then the context adjuster 1326 can generate corresponding hypotheses 
without this bias. Thus, tlie context adjuster 1326 tends to filter out inaccuracies in the initially generated hypotheses. 

Therefore in a multiple hypothesis architecture where typically the generated hypotheses may be evaluated and/or combined for 
providinga "most likely" result, it is believed that a plurality of relatively simple (and possibly inexact) initial hypothesis generators may be 
used in conjunction with the hybrid computational paradigm represented by the context adjuster 1326 for providing enhanced hypotheses with 
substantially greater accuracy. 

Additionally, note that this hybrid paradigm applies to other domains that are not geographically based. For instance, this hybrid 
paradigm applies to many prediction and/or diagnostic applications for which: 

(a) the application data and the application are dependent on a number of parameters whose values characterize the range 
of outputs forthe application. That is, there is a set of parameters, p,. p* p 3 , ... , p N from which a parameter space p,xp 2 x p 3 x ...x p N is 
derived whose points characterize the actual and estimated (or predicted) outcomes. As examples, in the MS location system^, = latitude 
and pj = longitude; 
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(b) there is historical data from which points for the parameter space, p, x fox p jX „ x p N can be obtained, wherein this 
data relates to (or indicates) the performance of the application, and the points obtained from this data are relatively dense in the space (at 
least around the likely future actual outcomes that the application is expected to predict or diagnose), for example, such historical data may 
associate the predicted outcomes of the application with corresponding actual outcomes; 

(c) there is a metric or distance-like evaluation function that can be applied to the parameter space for indicating relative 
closeness or accuracy of points in the parameter space, wherein the evaluation function provides a measurement of closeness that is related to 
the actual performance of the application. 

Note that there are numerous applications for which the above criteria are applicable. For instance, computer aided 
control of chemical processing plants are likely to satisfy the above criteria. Certain robotic applications may also satisfy this criteria. 
In fact, it is believed that a wide range of signal processing applications satisfy this criteria. 

MS Status Repository Introduction 

The MS status repository 1338 isa run-time storage managerforstoring location hypotheses from previous activations of the 
location engine 139 (as well as for storing the output "most likely" target MS location estimate(s)) so that a target MS 140 may be tracked 
using target MS location hypotheses from previous location engine 139 activations to determine, for example, a movement of the target MS 140 
between evaluations of the target MS location. 

Location Hypothesis Analyzer Introduction. 

The location hypothesis analyzer 1332, adjusts confidence values of the location hypotheses, according to: 

(a) heuristics and/or statistical methods related to how well the signal characteristics for the generated target MS location hypothesis 

matches with previously obtained signal characteristics for verified MS locations. 

(b) heuristics related to how consistent the location hypothesis is with physical laws, and/or highly probable reasonableness conditions 

relating to the location of the target MS and its movement characteristics. For example, such heuristic may utilize knowledge of 
the geographical terrain in which the MS is estimated to be, and/or, for instance, the MS velocity, acceleration or extrapolation of 
an MS position, velocity, or acceleration. 

(c) generation of additional location hypotheses whose MS locations are consistent with, for example, previous estimated locations for 

the target MS. 

As shown in Figs. 6 and 7, the hypothesis analyzer 1332 module receives (potentially) modified location hypotheses from the context 
adjuster 1326 and performs additional location hypothesis processing that is likely to be common and generic in analyzing most location 
hypotheses. More specifically, the hypothesis analyzer 1332 may adjust either or both of the target MS 140 estimated location and/or the 
confidence of a location hypothesis. In brief, the hypothesis analyzer 1332 receives target MS 140 location hypotheses from the context analyzer 
1336, and depending on the time stamps of newly received location hypotheses and any previous (i.e., older) target MS location hypotheses that 
may still be currently available to the hypothesis analyzer 1332, the hypothesis analyzer may: 
(a) update some of the older hypotheses by an extrapolation module, 
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(b) utilize some of the old hypotheses as previous target MS estimates for use in tracking the target MS 140, and/or 

(c) if sufficiently old, then delete the older location hypotheses. 

Note that both the newly received location hypotheses and the previous location hypotheses that are updated (i.e^ extrapolated) 
and still remain in the hypothesis analyzer 1332 will be denoted as "current location hypotheses" or "currently active location hypotheses". 

The modules within the location hypothesis analyzer 1332 use various types of application specific knowledge likely substantially 
independent from the computations by the FOMs 1224 when providing the corresponding original location hypotheses. That is, since it is aspect 
of at least one embodiment of the present invention that the FOMs 1 224 be relatively straightforward so that they may be easily to modified as 
well as added or deleted, the processing, for example, in the hypothesis analyzer 1332 (as with the context adjuster 1326) is intended to 
compensate, when necessary, for this straightforwardness by providing substantially generic MS location processing capabilities that can require 
a greater breadth of application understanding related to wireless signal characteristics of the coverage area 120. 

Accordingly, the hypothesis analyzer 1 332 may apply various heuristics that, for example, change the confidence in a location 
hypothesis depending on how well the location hypothesis (and/or a series of location hypotheses from eg., the same FOM 1224): (a) conforms 
with the laws of physics, (b) conforms with known characteristics of location signature dusters in an area of the location hypothesis MS 140 
estimate, and (c) conforms with highly likely heuristic constraint knowledge, in particular, as illustrated best in Fig. 7, the location hypothesis 
analyzer 1332 may utilize at least one of a blackboard system and/or an expert system for applying various application specific heuristics to the 
location hypotheses output by the context adjuster 1326. More precisely, the location hypothesis analyzer 1332 includes, in one embodiment, a 
blackboard manager for managing processes and data of a blackboard system. Additionally, note that in a second embodiment, where an 
expert system is utilized instead of a blackboard system, the location hypothesis analyzer provides an expert system inference engine for the 
expert system. Note that additional detail on these aspects of the invention are provided hereinbelow. 

Additionally, note that the hypothesis analyzer 1332 may activate one or more extrapolation procedures to extrapolate target MS 
140 location hypotheses already processed. Thus, when one or more new location hypotheses are supplied (by the context adjuster 1224) having 
a substantially more recent timestamp, the hypothesis analyzer may invoke an extrapolation module (i.e., location extrapolator 1432, Fig. 7) for 
adjusting any previous location hypotheses for the same target MS 140 that are still being used by the location hypothesis analyzer so that all 
target MS location hypotheses (for the same target MS) being concurrently analyzed are presumed to be for substantially the same time. 
Accordingly, such a previous location hypothesis that is, for example, 15 seconds older than a newly supplied location hypothesis (from perhaps 
a different FOM 1224) may have both: (a) an MS location estimate changed (e.g., to account for a movement of the target MS), and (b) its 
confidence changed (e.g., to reflect a reduced confidence in the accuracy of the location hypothesis). 

It is important to note that the architecture of the present invention is such that the hypothesis analyzer 1 332 has an extensible 
architecture. That is, additional location hypothesis analysis modules may be easily integrated into the hypothesis analyzer 1332 as further 
understanding regarding the behavior of wireless signals within the service area 120 becomes available. Conversely, some analysis modules may 
not be required in areas having relatively predictable signal patterns. Thus, in such service areas, such unnecessary modules may be easily 
removed or not even developed.. 

Most Likelihood Estimator Introduction 
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The most likelihood estimator 1344 is a module for determining a "most likely" location estimate for a target MS being located by 
the location engine 139. The most likelihood estimator 1344 receives a collection of active or relevant location hypotheses from the hypothesis 
analyzer 1332 and uses these location hypotheses to determine one or more most likely estimates for the target MS 140. Still referring to the 
hypothesis evaluator 1228, it is important to note that not all the above mentioned modules are required in all embodiments of the present 
invention. In particular, for some coverage areas 120, the hypothesis analyzer 1332 may be unnecessary. Accordingly, in such an embodiment, 
the enhanced location hypothesis output by the context adjuster 1326 are provided directly to the most likelihood estimator 1344. 
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Control and Output Gating Modules 

A fourth functional group of location engine l& modules is the control and output gating modules which includes the location 
center control subsystem 1350, and the output gateway 1358. The location control subsystem 1350 provides the highest level of control and 
monitoring of the data processing performed by the location tenter 142. In particular, this subsystem performs the following functions: 

(a) controls and monitors location estimating processing for each target MS 140. Note that this includes high jevel exception or 

error handling functions; 

(b) receives and routes external information as necessU. For instance, this subsystem may receive (via, e.g„ the public telephone 

switching network and Internet such environmental information as increased signal noise in a particular servScearedue 

4 A \ a 

to increase traffic, a change in weather conditions, k base station 122 (or other infrastructure provisioning), change in 

operation status (e.g., operational to inactive); . 

(c) receives and directs location processing requests from other location centers 142 (via, e.g., the lnterne|); 

(d) performs accounting and billing procedures; 

(e) interacts with location center operators by, for example, receiving operator commands and providing output indicative of 

processing resources being utilized and malfunctions; 
(0 provides access to output requirements for various applications requesting location estimates. For example, an Interne? location 
request from a trucking company in Los Angeles to a locatioAcenter 142 in Denver may only want to know if a particular truck 
or driver is within the Denver area. Alternatively, a local medial rescue unit is likely to request a precise a location estimate as 
pos^ble. 

Noli! tha i i n Tig. 6 (a) - (^ abuw ^feraHeafra fra^ by util i z i n g th e op eiator mleif d te I 374\ 

leferring now to the output gateway 1356, thistaodule routes target MS 140 location estimates to the appropriate location 
ipplication(s). For instance, upon receiving a location estimate from the most likelihood estimator 1344, the output gateway 1356 may 
determine that the location estimate is for an automobile beingrtracked by the police and therefore must be provided mmtbc provided 
according to the particular protocol. * 
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System Tuning and Adaptation: The Adaptation Engine 

A fifth functional group of location engine 139 modules provides the ability to enhance the MS looting reliability and/or accuracy of 
the present invention by providing it with the capability to adapt to particular operating configurations, operating conditions and wireless 
signaling environments without performing intensive manual analysis of the performance of various embodiments of the location engine 139. 
That is, this functional group automatically enhances the performance of the location engine for locating HSs 140 within a particular coverage 
area 1 20 using at least one wireless network infrastructure therein. More precisely, this functional group allows the present invention to adapt 
by tuning or optimizing certain system parameters according to location engine 139 location estimate accuracy and reliability. 

There are a number location engine 139 system parameters whose values affect location estimation, and it is an aspect of the present 
invention that the MS location processing performed should become increasingly better at locating a target MS 140 not only through building an 
increasingly more detailed model of the signal characteristics of location in the coverage area 1 20 such as discussed above regarding the 
location signature data base 1320, but also by providing automated capabilities for the location center processing to adapt by adjusting or 
"tuning" the values of such location center system parameters. 

Accordingly, the present invention includes a module, denoted herein as an "adaptation engine" 1382, that performs an 
optimization procedure on the location center 142 system parameters either periodically or concurrently with the operation of the location 
center in estimating MS locations. That is, the adaptation engine 1382 directs the modifications of the system parameters so that the location 
engine 139 increases in overall accuracy in locating target MSs 140. In one embodiment, the adaptation engine 1382 includes an embodiment of 
a genetic algorithm as the mechanism for modifying the system parameters. Genetic algorithms are basically search algorithms based on the 
mechanics of natural genetics. The genetic algorithm utilized herein is included in the form of pseudo code in APPENDIX B. Note that to apply 
this genetic algorithm in the context of the location engine 139 architecture only a "coding scheme" and a "fitness function" are required as one 
skilled in the art will appreciate. Moreover, it is also within the scope of the present invention to use modified or different adaptive and/or 
tuning mechanisms. For further information regarding such adaptive mechanisms, the following references are incorporated herein by 
reference: Goldberg, D. E. (1989). Genetic algorithms for search, optimization, and machine learning. Reading, MA: Addison-Wesley 
Publishing Company; and Holland, J. H. (1 975) Adaptation in natural and artificial systems. Ann Arbor, Ml: The University of Michigan Press. 

Implementations of First Order Models 

Further descriptions of various first order models 1224 are provided in this section. 

Distance First Order Models (TOA/TDOA) 

As discussed in the Location Center Architecture Overview section herein above, distance models determine a presumed 
direction and/or distance that a target MS 140 is from one or more base stations 122. In some embodiments of distance models, the 
target MS location estimate(s) generated are obtained using radio signal analysis techniques that are quite general and therefore are 
not capable of taking into account the peculiarities of the topography of a particular radio coverage area. For example, substantially 
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all radio signal analysis techniques using conventional procedures (or formulas) are based on "signal characteristic measurements" 
such as: 

(a) signal timing measurements (e.g., TOA and TDOA) t 

(b) signal strength measurements, and/or 

(c) signal angle of arrival measurements. 

Furthermore, such signal analysis techniques are likely predicated on certain very general assumptions that can not fully account for 
tignal attenuation and multipath due to a particular radio coverage area topography. 

aking CDMA or TDMA base station network as an example, each base station (BS) 122 is required to emit a constant 
signal-strength pilot channel pseudo-noise (PN) sequent on the forward link channel identified uniquely in the network by a pilot 
sequence offset and frequency assignment. It is possible tl use the pilot channels of the active, candidate, neighboring and remaining 
sets, maintained in the target MS, for obtaining signal characteristic measurements (e.g., TOA and/or TDOA measurements) between 
the target MS 140 and the base stations in one or more of th\se sets. 

Based on such signal characteristic measurements and the speed of signal propagation, signal characteristic ranges or 
range differences related to the location of the target MS 140 can be calculated. Using TOA and/or TDOA ranges as exemplary, these 
ranges can then be input to either the radius-radius multilateration or the time difference multilateration algorithms along with the 
known positions of the corresponding base stations 122 to thereby obtain one or more location estimates of the target MS 140. For 
example, if there are, four base stations 122 in the active set, the target MS 140 may cooperate with each of the base stations in this 
set to provide signal arrival time measurements. Accordingly, each of the resulting four sets of three of these base stations 122 may 
be used to provide an estimate of the target MS 140 as one skilled in the art will understand. Thus, potentially (assuming the 
measurements for each set of three base stations yields a feasible location solution) there are four estimates for the location of the 
target MS 140. Further, since such measurements and BS 122 positions can be sent either to the network or the target MS 140, 
location can be determined in either entity. 

Since many of the signal measurements utilized by embodiments of distance models are subject to signal attenuation and 
multipath due to a particular area topography. Many of the sets of base stations from which target MS location estimates are desired 
may result in either no location estimate, or an inaccurate location estimate. 

Accordingly, some embodiments of distance FOMs \hay attempt to mitigate such ambiguity or inaccuracies by, e.g., 
identifying discrepancies (or consistencies) between arrival tirrte measurements and other measurements (e.g., signal strength), these 
discrepancies (or consistencies) may be used to filter out at least\hose signal measurements and/or generated location estimates that 
appear less accurate. In particular, such identifying^ filtering d^n be performed by, for example, an expert system residing in the 
distant^ FOM. 

A second approach for mitigating such ambiguity or conflicting MS location estimates is particularly novel in that each of 
the target MS location estimates is used to generate a location hypothesis regardless of its apparent accuracy. Accordingly, these 
location hypotheses are input to an alternative embodiment of the context adjuster 1326 that is substantially (but not identical to) 
the context adjuster as described in detail in APPENDIX D so that each location hypothesis may be adjusted to enhance its accuracy. 
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In contradistinction to the embodiment of the context adjuster 1326 of APPENDIX D, where each location hypothesis is adjusted 
according to past performance of its generating fOH 1224 in an area of the initial location estimate of the location hypothesis (the 
area, e.g., determined as a function of distance from this initial location estimate), this alternative embodiment adjusts each of the 
location hypotheses generated by a distance first order model according to a past performance of the model as applied to signal 
5 characteristic measurements from the same set of base stations 122 as were used in generating the location hypothesis. That is, 
instead of only using only an identification of the distance model (i.e., its FOMJD) to, for example, retrieve archived location 
estimates generated by the model in an area of the location hypothesis* estimate (when determining the model's past performance), 
the retrieval retrieves only the archived location estimates that are, in addition, derived from the signal characteristics measurement 
obtained from the same collection of base stations 122 as was used in generating the location hypothesis. Thus, the adjustment 
10 performed by this embodiment of the context adjuster 1326 adjusts according to the past performance of the distance model and the 
collection of base stations 122 used. 

Coverage Area First Order Model 

Radio coverage area of individual base stations 122 may be used to generate location estimates of the target MS 140. 
Although a first order model 1224 based on this notion may be less accurate than other techniques, if a reasonably accurate RF 

15 coverage area is known for each (or most) of the base stations 122, then such a FOM (denoted hereinafter as a "coverage area first 
order model" or simply "coverage area model") may be very reliable. To determine approximate maximum radio frequency (RF) 
location coverage areas, with respect to BSs 122, antennas and/or sector coverage areas, for a given class (or classes) of (e.g., CDMA 
or TDMA) mobile station(s) 140, location coverage should be based on an MS's ability to adequately detect the pilot channel, as 
opposed to adequate signal quality for purposes of carrying user-acceptable traffic in the voice channel. Mote that more energy is 

20 necessary for traffic channel activity (typically on the order of at least -94 to -104 dBm received signal strength) to support voice, 
than energy needed to simply detect a pilot channel's presence for location purposes (typically a maximum weakest signal strength 
range of between -104 to -1 10 dBm), thus the "Location Coverage Area" will generally be a larger area than that of a typical "Voice 
Coverage Area", although industry studies have found some occurrences of "no-coverage" areas within a larger covered area. An 
example of a coverage area including both a "dead zone", i.e., area of no coverage, and a "notch" (of also no coverage) is shown in 
25 Fig. 15. 

The approximate maximum RF coverage area for a given sector of (more generally angular range about) a base station 122 
may be represented as a set of points representing a polygonal area (potentially with, e.g., holes therein to account for dead zones 
and/or notches). Note that if such polygonal RF coverage area representations can be reliably determined and maintained over time 
(for one or more BS signal power level settings), then such representations can be used in providing a set theoretic or Venn diagram 
30 approach to estimating the location of a target MS 140. Coverage area first order models utilize such an approach. 
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Gne^oShnSu coverage area model utfozes both the detection and non-detection of base stations 122 by the target 
MS 140 (conversely, of the MS by one or more base stations 122) to define an area where the target MS HO may likely be. A relatively 
straightforward application of this technique is to: 

(a) find all areas of intersection for base stationWF coverage area representations, wherein: (i) the corresponding base 

stations are on-line for communicating withVlSs 140; (ii) the Rf coverage area representations are deemed reliable 
for the power levels of the on-line base stations; (iii) the on-line base stations having reliable coverage area 
representations can be detected by the target «S; and (iv) each intersection must include a predetermined number of 
the reliable RF coverage area representations (e!L 2 or 3); and 

(b) obtain new location estimates by subtracting from\ach of the areas of intersection any of the reliable RF coverage area 

representations for base stations 122 that can not Be detected by the target MS. 
Accordingly, the new areas may be used to generate location hypotheses. 

Location Base Station First Order Model 

In the location base station (LBS) model (FOM 1224), a database is accessed which contains electrical, radio propagation 
and coverage area characteristics of each of the location base stations in the radio coverage area. The LBS model is an active model, 
in that it can probe or excite one or more particular LBSs 152 in an area for which the target MS 140 to be located is suspected to be 
placed. Accordingly, the LBS model may receive as input a most likely target MS 140 location estimate previously output by the 
location engine 139 of the present invention, and use this location estimate to determine which (if any) LBSs 152 to activate and/or 
deactivate for enhancing a subsequent location estimate of the target MS. Moreover, the feedback from the activated LBSs 152 may 
be provided to other FOMs 1224, as appropriate, as well as to the LBS model. However, it is an important aspect of the LBS model 
that when it receives such feedback, it may output location hypotheses having relatively small target MS 140 location area estimates 
about the active LBSs 152 and each such location hypothesis also has a high confidence value indicative of the target MS 140 
positively being in the corresponding location area estimate (e.g., a confidence value of .9 to + 1), or having a high confidence value 
indicative of the target MS 140 not being in the corresponding location area estimate (i.e., a confidence value of -0.9 to -I). Note 
that in some embodiments of the LBS model, these embodiments may have functionality similar to that of the coverage area first 
order model described above. Further note that for LBSs within a neighborhood of the target MS wherein there is a reasonable chance 
that with movement of the target MS may be detected by these LBSs, such LBSs may be requested to periodically activate. (Note, that 
it is not assumed that such LBSs have an on-line external power source; e.g., some may be solar powered). Moreover, in the case 
where an LBS 152 includes sufficient electronics to carry voice communication with the target MS 140 and is the primary BS forthe 
target MS (or alternatively, in the active or candidate set), then the LBS model will not deactivate this particular LBS during its 
procedure of activating and deactivating various LBSs 152. 
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The stochastic first order models may use statistical prediction techniques such as principle decomposition, partial least 
squares, paffciaHwil iuu,tfes>or other regression techniquesVor predicting, for example, expected minimum and maximum distances of the 
target MS from one or more base stations 122, e.g., Bollenger Bartjs. Additionally, some embodiments may use Markov processes and 
Random Walks (predicted incremental MS movement) for determining an expected area within which the target MS 140 is likely to be. 
That is, such a process measures the incremental time difference! of each pilot as the MS moves for predicting a size of a location area 
estimate using past MS estimates such as the verified location signatures in the location signature data base 1320. 

Pattern Recognition and Adaptive first Order Models 

It is a particularly important aspect of the present invention to provide: 

(a) one or more fOMs 1224 that generate target MS 140 location estimates by using pattern recognition or associativity 

techniques, and/or 

(b) one or more FOMs 1224 that are adaptive or trainable so that such FOMs may generate increasingly more accurate 

target MS location estimates from additional training. 

Statistically Based Pattern Recognition First Order Models 

Regarding FOMs 1224 using pattern recognition or associativity techniques, there are many such techniques available. For 
example, there are statistically based systems such as "W (anacronym for Qassification and Regression Trees) by ANGOSS 
Software International Limited of Toronto, Canada that nfay be used for automatically^ detecting or recognizing patterns in data 
that were unprovided (and likely previously unknown). Accordingly, by imposing a relatively fine mesh or grid of cells^Hhe radio 
coverage area, wherein each cell is entirely within a particulaV area type categorization such as the transmission area types (discussed 
in the section, "Coverage Area: Area Types And Their Determination" above), the verified location signature clusters within the cells 
of each area type may be analyzed for signal characteristic pattLs. If such patterns are found, then they can be used to identify at 
least a likely area type in which a target MS is likely to be located! That is, one or more location hypotheses may be generated having 
target MS 140 location estimates that cover an area having the likefc area type wherein the target MS 140 is located. Further note 
that such statistically based pattern recognition systems as "CART" include software code generators for generating expert system 
software embodiments for recognizing the patterns detected within a twining set (e.g., the verified location signature clusters). 

Accordingly, although an embodiment of a FOM as described here may not be exceedingly accurate, it may be very reliable. 
Thus, since a fundamental aspect of the present invention is to use a plurality MS location techniques for generating location 
estimates and to analyze the generated estimates (likely after being adjusted) to detect patterns of convergence or clustering among 
the estimates, even large MS location area estimates are useful. For example, it can be the case that four different and relatively large 
MS location estimates, each having very high reliability, have an area of intersection that is acceptably precise and inherits the very 
high reliability from each of the large MS location estimates from which the intersection area was derived. 
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A similar statistically based FOM 1224 to toe one above may be provided wherein the radio coverage area is decomposed 
substantially as above, butaddition to using the signkl characteristics for detecting useful signal patterns, the specific identifications 
of the base station 122 providing the signal characteristics may also be used. Thus, assuming there is a sufficient density of verified 
location signature clusters in some of the mesh cells so that the statistical pattern recognizer can detect patterns in the signal 
characteristic measurements, an expert system may be generated that outputs a target MS 140 location estimate that may provide 
both a reliable and accurate location estimate of a targetW 140. 



Adaptive/I rainable First Order Models 



Adaptive/Trainable First Order Models 

The term adaptive is used to describe a data processing component that can modify its data processing behavior in 
response to certain inputs that are used to change how subsequent inputs are processed by the component. Accordingly, a data 
processing component may be "explicitly adaptive" by modifying its behavior according to the input of explicit instructions or control 
data that is input for changing the component's subsequent behavior in ways that are predictable and expected. That is, the input 
encodes explicit instructions that are known by a user of the component. Alternatively, a data processing component may be 
"implicitly adaptive" in that its behavior is modified by other than instructions or control data whose meaning is known by a user of 
the component. For example, such implicitly adaptive data processors may learn by training on examples, by substantially unguided 
exploration of a solution space, or other data driven adaptive strategies such as statistically generated decision trees. Accordingly, it 
is an aspect of the present invention to utilize not only explicitly adaptive MS location estimators within FOMs 1224, but also 
implicitly adaptive MS location estimators. In particular, artificial neural networks (also denoted neural nets and ANNs herein) are 
used in some embodiments as implicitly adaptive MS location estimators within FOMs. Thus, in the sections below, neural net 
architectures and their application to locating an MS is described. 

Artificial Neural Networks For MS Location 

Artificial neural networks may be particularly useful in developing one or more first order models 1224 for locating an MS 
140, since, for example, ANNs can be trained for classifying and/or associatively pattern matching of various RF signal measurements 
such as the location signatures. That is, by training one or more artificial neural nets using RF signal measurements from verified 
locations so that RF signal transmissions characteristics indicative of particular locations are associated with their corresponding 
locations, such trained artificial neural nets can be used to provide additional target MS 140 location hypotheses. Moreover, it is an 
aspect of the present invention that the training of such artificial neural net based FOMs (ANN FOMs) is provided without manual 
intervention as will be discussed hereinbelow. 
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Artificial Neural Networks That Converge on Near Optimal Solutions 

It is as an aspect of the present invention to use an adaptive neural network architecture which has the ability to explore 
the parameter or matrix weight space corresponding to a ANN for determining new configurations of weights that reduce an object* 
or error function indicating the error in the output of the ANN over some aggregate set of input data ensembles. Accordingly, in one 
5 embodiment, a genetic algorithm is used to provide such an adaptation capability. However, it is also within the scope of the present 
invention to use other adaptive techniques such as, for example, simulated annealing, cascade correlation with multistarts, gradient 
descent with multistarts, and truncated Newton's method with multistarts, as one skilled in the art of neural network computing will 
understand. 

Artificial Neural Networks as MS Location Estimators for First Order Models 
10 Although there have been substantial advances in artificial neural net computing in both hardware and software, it can be 

difficult to choose a particular ANN architecture and appropriate training data for yielding high quality results. In choosing a ANN 
architecture at least the following three criteria are chosen (either implicitly or explicitly): 

(a) a learning paradigm: i.e., does the ANN require supervised training (i.e., being provided with indications of correct and 
incorrect performance), unsupervised training, or a hybrid of both (sometimes referred to as reinforcement); 
15 (b) a collection of learning rules for indicating how to update the ANN; 

(c) a learning algorithm for using the learning rules for adjusting the ANN weights. 
Furthermore, there are other implementation issues such as: 

(d) how many layers a artificial neural net should have to effectively capture the patterns embedded within the training 

data. For example, the benefits of using small ANN are many, less costly to implement, faster, and tend to generalize 
better because they avoid overfitting weights to training patterns. That is, in general, more unknown parameters 
(weights) induce more local and global minima in the error surface or space. However, the error surface of smaller 
nets can be very rugged and have few good solutions, making it difficult for a local minimization algorithm to find a 
good solution from a random starting point as one skilled in the art will understand; 

(e) how many units or neurons to provide per layer; 

(0 how large should the training set be presented to provide effective generalization to non-training data 
(g) what type of transfer functions should be used. 

However, the architecture of the present invention allows substantial flexibility in the implementation of ANN for FOMs 
1224. In particular, there is no need to choose only one artificial neural net architecture and/or implementation in that a plurality of 
ANNs may be accommodated by the architecture of the location engine 139. furthermore, it is important to keep in mind that it may 
not be necessary to train a ANN for a FOM as rigorously as is done in typical ANN applications since the accuracy and reliability in 
estimating the location of a target MS 140 with the present invention comes from synergistically utilizing a plurality of different MS 
location estimators, each of which may be undesirable in terms of accuracy and/or reliability in some areas, but when their estimates 
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are synergistically used as in the location engine 139. accurate and reliable location estimates can be attained. Accordingly, one 
embodiment of the present invention may have a plurality of moderately well trained ANNs having different neural net architectures 
such as: multilayer perceptions, adaptive resonance theory models, and radial basis function networks. 

Additionally, many of the above mentioned ANN architecture and implementation decisions can be addressed substantially 
automatically by various commercial artificial neural net development systems such as: "NEUROGENETIC OPTIMIZER" by BioComp 
Systems, wherein genetic algorithms are used to optimize and configure ANNs, and artificial neural network hardware and software 
products by Accurate Automation Corporation of Chattanooga, Tennessee, such as "ACCURATE AUTOMATION NEURAL NETWORK 
TOOLS. 




Artificial Neural Network Input and Output 
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It is worthwhile to discuss the data representations for the inputs and outputs of a ANN used for generating MS location 
estimates. Regarding ANN input representations, recall thaVttie signal processing subsystem 1220 may provide various RF signal 
measurements as input to an ANN (such as the RF signal me&urements derived from verified location signatures in the location 
signature data base 1320). For example, a representation of a\histogram of the frequency of occurrence of CDMA fingers in a time 
dela^flgi^htrength 2-dimensionai domain may be provideH as input to such an ANN. In particular, a 2-dimensional grid of 
signal strength versus time delay bins may be provided so that rkeived signal measurements are slotted into an appropriate bin of 
the grid. In one embodiment, such a grid is a six by six array of btos such as illustrated in the left portion of Fig. 14. That is, each of 
the signal strength and time delay ajtfeware partitioned into six rihges so that both the signal strength and the time delay of RF 
signal measurements can be slotted into an appropriate range, thus\etermining the bin. 

Note that RF signal measurement data (i.e., location signatures) slotted into a grid of bins provides a convenient 
mechanism for classifying RF measurements received over time so that when each new RF measurement data is assigned to its bin, a 
counter for the bin can be incremented. Thus in one embodiment, the RF measurements for each bin can be represented pictorially as 
a histogram. In any case, once the RF measurements have been slotted into a grid, various filters may be applied for filtering outliers 
and noise prior to inputting bin values to an ANN. further, various amounts of data from such a grid may be provided to an ANN. In 
one embodiment, the tally from each bin is provided to an ANN. Thus, as many as 108 values could be input to the ANN (two values 
defining each bin, and a tally for the bin). However, other representations are also possible. For instance, by ordering the bin tallies 
linearly, only 36 need be provided as ANN input. Alternatively, only representations of bins having the highest tallies may be 
provided as ANN input. Thus, for example, if the highest 10 bins and their tallies were provided as ANN input, then only 20 inputs 
need be provided (i.e„ 1 0 input pairs, each having a single bin identifier and a corresponding tally). 

In addition, note that the signal processing subsystem 1220 may also obtain the identifications of other base stations 122 
(IS2) for which their pilot channels can be detected by the target MS 140 (i.e., the forward path), or for which the base stations can 
detect a signal from the target MS (i.e., the reverse path). Thus, in order to effectively utilize substantially all pertinent location RF 
signal measurements (i.e., from location signature data derived from communications between the target MS 140 and the base station 
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infrastructure), a technique is provided wherein a plurality of ANNs may be activated using various portions of an ensemble of 
location signature data obtained. However, before describing this technique, it is worthwhile to note that a naive strategy of 
providing input to a single ANN for locating target MSs throughout an area having a large number of base stations (e.g., 300) is likely 
to be undesirable. That is, given that each base station (antenna sector) nearby the target MS is potentially able to provide the ANN 
with location signature data, the ANN would have to be extremely large and therefore may require inordinate training and 
retraining. For example, since there may be approximately 30 to 60 ANN inputs per location signature, an ANN for an area having 
even twenty base stations 122 can require at least 600 input neurons, and potentially as many as 1,420 (i.e„ 20 base stations with 70 
inputs per base station and one input for every one of possibly 20 additional surrounding base stations in the radio coverage area 120 
that might be able to detect, or be detected by, a target MS 140 in the area corresponding to the ANN). 

Accordingly, the technique described herein Emits the number of input neurons in each ANN constructed and generates a 
larger number of these smaller ANNs. That is, each ANfftis trained on location signature data (or, more precisely, portions of location 
signature clusters) in an area A ANN (hereinafter also deno^d the "net area"), wherein each input neuron receives a unique input from 
$4^ 

(At) location signature data (e.g„ signal strength/time defy bin tallies) corresponding to transmissions between an MS 140 and a 
relatively small number of base stations 122 in the areaA ANK For instance, location signature data obtained from, fomm^ 
four base stations 122 (or antenna sectors) in the area a\ nn ., Note, each location signature data cluster includes fields 
describing the wireless communication devices used; e.g.,Vi) the make and model of the target MS; (ii) the current and 
maximum transmission power; (iii) the MS battery power ^instantaneous or current); (iv) the base station (sector) current 
power level; (v) the base station make and model and reviston level; (vi) the air interface type and revision level (of, e.g., CDMA, 
TDMAor^MPS). 

(A2) a discrete input corresponding to each base station 122 (or antenna sector 130) in a larger area containing A ANN , wherein each 
such input here indicates whether the corresponding base station (sector): 

(i) is on-line (i.e., capable of wireless communication with MSs) and at least its pilot channel signal is detected by the target 
MS 140, but the base station (sector) does not detect the target MS; 

(ii) is on-line and the base station (sector) detects a wireless transmission from the target MS, but the target MS does not 
detect the base station (sector) pilot channel signal; 

(iii) is on-line and the base station (sector) detects the target MS and the base station (sector) is detected by the target MS; 

(iv) is on-line and the base station (sector) does not detect the target MS, the base station is not detected by the target MS; or 

(v) is off-line (i.e., incapable of wireless communication with one or more MSs). 
Note that (i)-(v) are hereinafter referred to as the "detection states." 

Thus, by generating an ANN for each of a plurality of net areas (potentially overlapping), a local environmental change in the wireless 
signal characteristics of one net area is unlikely to affect more than a small number of adjacent or overlapping net areas. 
Accordingly, such local environmental changes can be reflected in that only the ANNs having net areas affected by the local change 
need to be retrained. Additionally, note that in cases where RF measurements from a target MS 140 are received across multiple net 
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areas, multiple ANNs may be activated, thus providing multiple MS location estimates. Further, multiple ANNs may be activated when 
a location signature cluster is received for a target MS 140 and location signature cluster includes location signature data 
corresponding to wireless transmissions between the MS and, e.g., more base stations (antenna seaors) than needed for the collection 
B described in the previous section. That is, if each collection B identifies four base stations 122 (antenna sectors), and a received 
location signature cluster includes location signature data corresponding to five base stations (antenna sectors), then there may be 
up to five ANNs activated to each generate a location estimate. 

Moreover, for each of the smaller ANNs, it is likely thit the number of input neurons is on the order of 330; (Le. f 70 
inputs per each of four loQtion ^nyuros ( h o » r 3S inputs for the forward wireless communications and 35 for the ^vjjrse wireless 
communications), plus 40 additional discrete inputs for an appropriate area surrounding A ANN , plus 10 inputs related type of MS, 
power levels, etc. However, it is important to note that the number o\ base stations (or antenna seaors 130) having corresponding 
location signature data to be provided to such an ANN may vary. Thus\in some subareas of the coverage area 120, location signature 
data from five or more base stations (antenna sectors) may be used, whereas in other subareas three (or less) may be used. / 
Regarding the output from ANNs used in generating MS location estimates, there are also numerous options. In one 
embodiment, two values corresponding to the latitude and longitude of the target MS are estimated. Alternatively, by applying a 
mesh to the coverage area 120, such ANN output may be in the form of a row value and a column value of a particular mesh cell (and 
its corresponding area) where the target MS is estimated to be. Note that the cell sizes of the mesh need not be of a particular shape 
nor of uniform size. However, simple non-oblong shapes are desirable. Moreover, such cells should be sized so that each cell has an 
area approximately the size of the maximum degree of location precision desired. Thus, assuming square mesh cells, 250 to 350 feet 
per cell side in an urban/suburban area, and 500 to 700 feet per cell side in a rural area may be desirable. 

Artificial Neural Network Training 

The following are steps provide one embodiment for training a location estimating ANN according to the present invention. 

(a) Determine a colleaion, C, of clusters of RF signal measurements (i.e., location signatures) such that each cluster is for RF 

transmissions between an MS 140 and a common set, B, of base stations 122 (or antenna seaors 130) such the 
measurements are as described in (Al) above. In one embodiment, the colleaion C is determined by interrogating the 
location signature data base 1320 for verified location signature dusters stored therein having such a common set B of 
base stations (antenna seaors). Alternatively in another embodiment, note that the colleaion C may be determined 
from (i) the existing engineering and planning data from service providers who are planning wireless cell sites, or (ii) 
service provider test data obtained using mobile test sets, access probes or other RF field measuring devices. Note that 
such a colleaion B of base stations (antenna seaors) should only be created when the set C of verified location signature 
clusters is of a sufficient size so that it is expected that the ANN can be effectively trained. 

(b) Determine a colleaion of base stations (or antenna sectors 130), B\ from the common set B, wherein B' is small (e.g., 

four or five). 
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(c) Determine the area, A AHN , to be associated with collection B' of base stations (antenna sectors). In one embodiment, this 

area is selected by determining an area containing the set L of locations of all verified location signature clusters 
determined in step (a) having location signature data from each of the base stations (antenna sectors) in the collection 
B\ More precisely, the area, A ANN , may be determined by providing a covering of the locations of L, such as, e.g., by cells 
of a mesh of appropriately fine mesh size so that each cell is of a size not substantially larger than the maximum MS 
location accuracy desired. 

(d) Determine an additional collection, b, of base stations that have been previously detected (and/or are likely to be 

detected) by at least one MS in the area A ANN . 

(e) Train the ANN on input data related to: (i) signal characteristic measurements of signal transmissions between MSs 140 at 

verified locations in A ANN , and the base stations (antenna sectors) in the collection B\ and (ii) discrete inputs of 
detection states from the base stations represented in the collection b. For example, train the ANN on input including: 
(i) data from verified location signatures from each of the base stations (antenna sectors) in the collection B\ wherein 
each location signature is part of a cluster in the collection C; (ii) a collection of discrete values corresponding to other 
base stations (antenna sectors) in the area b containing the area, A ANN . 

Regarding (d) immediately above, it is important to note that it is believed that less accuracy is required in training a ANN 
used for generating a location hypothesis (in a FOM 1224) for the present invention than in most applications of ANNs (or other 
trainable/adaptive components) since, in most circumstances, when signal measurements are provided for locating a target MS 140, 
the location engine 139 will activate a plurality location hypothesis generating modules (corresponding to one or more FOMs 1224) 
for substantially simultaneously generating a plurality of different location estimates (i.e., hypotheses). Thus, instead of training 
each ANN so that it is expected to be, e.g., 92% or higher in accuracy, it is believed that synergies with MS location estimates from 
other location hypothesis generating components will effectively compensate for any reduced accuracy in such a ANN (or any other 
location hypothesis generating component). Accordingly, it is believed that training time for such ANNs may be reduced without 
substantially impacting the MS locating performance of the location engine 139. 

Finding Near-Optimal Location Estimating Artificial Neural Networks 

In one traditional artificial neural network training brocess, a relatively tedious set of trial and error steps may be 
performed for configuring an ANN so that training produces effective learning. In particular, an ANN may require configuring 
parameters related to, for example, input data scaling, test/trainW set classification, detecting and removing unnecessary input 
variable selection. However, the present invention reduces this tertum. That is, the present invention uses mechanisms such as 
genetic algorithms or other mechanisms for avoiding non-optimal But locally appealing (i.e., local minimum) solutions, and locating 
near-optimal solutions instead. In particular, such mechanism may be used to adjust the matrix of weights for the ANNs so that very 
good, near optimal ANN configurations may be found efficiently. Furthermore, since the signal processing system 1220 uses various 
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types of signal processing filters for filtering the RF measurements received from transmissions between an MS 140 and one or more 
base stations (antenna sectors 130), such mechanisms for finding near-optimal solutions may be applied to selecting appropriate 
filters as well. Accordingly, in one embodiment of the present invention, such filters are paired with particular ANNs so that the 
location signature data supplied to each ANN is filtered according to a corresponding "filter description" for the ANN, wherein the 
filter description specifies the filters to be used on location signature data prior to inputting this data to the ANN. In particular, the 
filter description can define a pipeline of filters having a sequence of filters wherein for each two consecutive filters, f, and f 2 (f, 
preceding fj), in a filter description, the output of f, flows as inpk to fj. Accordingly, by encoding such a filter description together 
with its corresponding ANN so that the encoding can be providedjto a near optimal solution finding mechanism such as a genetic 
algorithm, it is believed that enhanced ANN locating performance Van be obtained. That is, the combined genetic codes of the filter 
description and the ANN are manipulated by the genetic algorithm^ a search for a satisfactory solution (i.e., location error estimates 
within a desired range). This process and system provides a mechanism for optimizing not only the artificial neural network 
architecture, but also identifying a near optimal match between the ANN and one or more signal processing filters. Accordingly, the 
following fillers may be usedin a filter pipeline of a filter description:|cbel, median, mean, histogram normalization, input cropping, 
neighbor, oa«H»HVWeinertilters. 

One embodiment for implementing the genetic evolving of filter description and ANN pairs is provided by the following 
steps that may automatically performed without substantial manual effort 

1) Create an initial population of concatenated genotypes, or genetic representations for each pair of an artificial neural 

networks and corresponding filter description pair. Also, provide seed parameters which guide the scope and 
characterization of the artificial neural network architectures, filter selection and parameters, genetic parameters and 
system control parameters. 

2) Prepare the input or training data, including, for example, any scaling and normalization of the data. 

3) Build phenotypes, or artificial neural network/filter description combinations based on the genotypes. 

4) Train and test the artificial neural network/filter description phenotype combinations to determine fitness; e.g., 

determine an aggregate location error .measurement for each network/filter description phenotype. 

5) Compare the fitnesses and/or errors, and retain the best network/filter description phenotypes. 

6) Select the best networks/filter descriptions in the phenotype population (i.e., the combinations with small errors). 

7) Repopulate the population of genotypes for the artificial neural networks and the filter descriptions back to a 

predetermined size using the selected phenotypes. 

8) Combine the artificial neural network genotypes and filter description genotypes thereby obtaining artificial neural 

network/filter combination genotypes. 

9) Mate the combination genotypes by exchanging genes or characteristics/features of the network/ filter combinations. 

10) if system parameter stopping criteria is not satisfied, return to step 3. 
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Note that artificial neural network genotypes may be formed by selecting various types of artificial neural network 
architectures suited to function approximation, such as fast back propagation, as well as characterizing several varieties of candidate 
transfer/activation functions, such as Tanh, logistic, linear, sigmoid and radial basis, furthermore, ANNs having complex inputs may 
be selected (as determined by a filter type in the signal processing subsystem 1220) for the genotypes. 
5 Examples of genetic parameters include: (a) maximum population size (typical default: 300), (b) generation limit (typical 

default: 50), (c) selection criteria, such as a certain percentage to survive (typical default: 0.5) or roulette wheel, (d) population 
refilling, such as random or cloning (default), (e) mating criteria, such as tail swapping (default) or two cut swapping, (0 rate for a 
choice of mutation criterion, such as random exchange (default: 0.25) or section reversal, (g) population size of the concatenated 
artificial neural network/ filter combinations, (h) use of statistical seeding on the initial population to bias the random initialization 

10 toward stronger first order relating variables, and (i) neural node influence factors, e.g., input nodes and hidden nodes. Such 
parameters can be used as weighting factors that influences the degree the system optimizes for accuracy versus network 
compactness. For example, an input node factor greater than 0 provides a means to reward artificial neural networks constructed 
that use fewer input variables (nodes). A reasonable default value is 0.1 for both input and hidden node factors. 

Examples of neural net/filter description system control parameters include: (a) accuracy of modeling parameters, such as 

15 relative accuracy, R-squared, mean squared error, root mean squared error or average absolute error (default), and (b) stopping 
criteria parameters, such as generations run, elapsed time, best accuracy found and population convergence. 

Locating a Mobile Station Using Artificial Neural Networks 

When using an artificial neural network for estimating a location of an MS 140, it is important that the artificial neural 
network be provided with as much accurate RF signal measurement data regarding signal transmissions between the target MS 140 

20 and the base station infrastructure as possible. In particular, assuming ANN inputs as described hereinabove, it is desirable to obtain 
the detection states of as many surrounding base stations as possible. Thus, whenever the location engine 139 is requested to locate a 
target MS 140 (and in particular in an emergency context such as an emergency 911 call), the location center 140 automatically 
transmits a request to the wireless infrastructure to which the target MS is assigned for instructing the MS to raise its transmission 
power to full power for a short period of time (e.g., 100 milliseconds in a base station infrastructure configuration an optimized for 

25 such requests to 2 seconds in a non-optimized configuration). Note that the request for a change in the transmission power level of 
the target MS has a further advantage for location requests such as emergency 91 1 that are initiated from the MS itself in that a first 
ensemble of RF signal measurements can be provided to the location engine 139 at the initial 911 calling power level and then a 
second ensemble of RF signal measurements can be provided at a second higher transmission power level. Thus, in one embodiment 
of the present invention, an artificial neural network can be trained not only on the location signature cluster derived from either the 

30 initial wireless 9 1 1 transmissions or the full power transmissions, but also on the differences between these two transmissions. In 
particular, the difference in the detection states of the discrete ANN inputs between the two transmission power levels may provide 
useful additional information for more accurately estimating a location of a target MS. 
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It is important to note that when gathering RF signal measurements from a wireless base station network for locating MSs, 
the network should not be overburdened with location related traffic Accordingly, note that network location data requests for data 
particularly useful for ANN based FOMs is generally confined to the requests to the base stations in the immediate area of a target MS 
140 whose location is desired. For instance, both collections of base stations B* and b discussed in the context of training an ANN are 
also the same collections of base stations from which MS location data would be requested. Thus, the wireless network MS location 
data requests are data driven in that the base stations to queried for location data (Le., the collections B' and b) are determined by 
previous RF signal measurement characteristics recorded. Accordingly, the selection of the collections B' and b are adaptable to 
changes in the wireless environmental characteristics of the coverage area 120. 

LOCATION SIGNATURE DATA BASE 

Before proceeding with a description of other levels of the present invention as described in (24.1) through (243) above, in this section 
further detail is provided regarding the location signature data base 1320. Note thata brief description of the location signature data base was 
provided above indicating that this data base stores MS location data from verified and/orknown locations (optionally with additional known 
environmental characteristic values) for use in enhancing current target MS location hypotheses and for comparing archived location data with 
location signal data obtained from a current target MS. However, the data base management system functionality incorporated into the 
location signature data base 1320 is an important aspect of the present invention, and is therefore described in this section. In particular, the 
data base management functionality described herein addresses a number of difficulties encountered in maintaining a large archive of signal 
processing data such as MS signal location data. Some of these difficulties can be described as follows: 

(a) in many signal processing contexts, in order to effectively utilize archived signal processing data for enhancing the performance 

of a related signal processing application, there must be an large amount of signal related data in the archive, and this data 
must be adequately maintained so that as archived signal data becomes less useful to the corresponding signal processing, 
application (Le, the data becomes "inapplicable") its impact on the application should be correspondingly reduced. 
Moreover, as archive data becomes substantially inapplicable, it should be filtered from the archive altogether. However, the 
size of the data in the archive makes it prohibitive for such a process to be performed manually, and there may be no simple or 
straightforward techniques for automating such impact reduction or filtering processes for inapplicable signal data; 

(b) it is sometimes difficult to determine the archived data to use in comparing with newly obtained signal processing application 
data; and 

(c) it is sometimes difficult to determine a useful technique for comparing archived data with newly obtained signal processing 
application data. 

It is an aspect of the present invention that the data base management functionality of the location signature data base 1320 addresses 
each of the difficulties mentioned immediately above. For example, regarding (a), the location signature data base is "self cleaning" in that by 
associating a confidence value with each loc sig in the data base and by reducing or increasing the confidences of archived verified loc sigs 
according to how well their signal characteristic data compares with newly received verified location signature data, the location signature data 
base 1320 maintains a consistency with newly verified loc sigs. 
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The following data base management functional descriptions describe some of the more noteworthy functions of the location signature 
data base 1320. Note that there are various ways that these functions may be embodied. So as to not overburden the reader here, the details 
for one embodiment is provided in APPENDIX C. Figs. 16a through 1 6c present a table providing a brief description of the attributes of the 
location signature data type stored in the location signature data base 1320. 

5 LOCATION SIGNATURE PROGRAM DESCRIPTIONS 

The following program updates the random loc sigs in the location signature data base 1320. In one embodiment, this program is 
invoked primarily by the Signal Processing Subsystem. 

Update Location signature Database Program 

Update_Loc_Sig_DB(newJoc__obj, selection_criteria, loc_sig_pop) 
0 /* This program updates loc sigs in the location signature data base 1320. That is, this program updates, for example, at 

least the location information for verified random loc sigs residing in this data base. The general strategy here is to use 
information (i.e., "new Joc_obj") received from a newly verified location (that may not yet be entered into the location 
signature data base) to assist in determining if the previously stored random verified loc sigs are still reasonably valid to 
use for 

5 (29.1) estimating a location for a given collection (i.e., "bag") of wireless (e.g., CDMA) location related signal 

characteristics received from an MS, 
(29.2) training (for example) adaptive location estimators (and location hypothesizing models), and 
(293) comparing with wireless signal characteristics used in generating an MS location hypothesis by one of the MS 
location hypothesizing models (denoted First Order Models, or, FOMs). 
0 More precisely, since it is assumed that it is more likely that the newest location information obtained is more indicative of 

the wireless (CDMA) signal characteristics within some area surrounding a newly verified location than the verified loc sigs 
(location signatures) previously entered into the Location Signature data base, such verified loc sigs are compared for 
signal characteristic consistency with the newly verified location information (object) input here for determining whether 
some of these "older" data base verified loc sigs still appropriately characterize their associated location. 
5 In particular, comparisons are iteratively made here between each (target) loc sig "near" "new_loc_obj" and a 

population of loc sigs in the location signature data base 1320 (such population typically including the loc sig for 
"new_loc_obj) for: 

(29.4) adjusting a confidence factor of the target loc sig. Note that each such confidence factor is in the range [0, 1] 
with 0 being the lowest and I being the highest. Further note that a confidence factor here can be raised as 
> well as lowered depending on how well the target loc sig matches or is consistent with the population of loc 

sigs to which it is compared. Thus, the confidence in any particular verified loc sig, LS, can fluctuate with 
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successive invocations of this program if the input to the successive invocations are with location information 
geographically "near" LS. 

(29.5) remove older verified loc sigs from use whose confidence value is below a predetermined threshold. Mote, it is 



test-bed", wherein the test bed may be composed of, for example, repeatable loc sigs and recent random 
verified loc sigs. 

Note that this program may be invoked with a (verified/known) random and/or repeatable loc sig as input. 
Furthermore, the target loc sigs to be updated may be selected from a particular group of loc sigs such as the random loc 
sigs or the repeatable loc sigs, such selection being determined according to the input parameter, "selection_criteria" 
while the comparison population may be designated with the input parameter, "loc_sig jpof. For example, to update 
confidence factors of certain random loc sigs near "newjoc j)bj'\ "selection_criteria n may be given a value indicating, 
"USE RANDOM_LOC SIGS", and "loc_sig_pop" may be given a value indicating, "USE REPEATABLE L0C S1GS". 
Thus, if in a given geographic area, the repeatable loc sigs (from, e.g., stationary transceivers) in the area have recently 
been updated, then by successively providing "new_loc_obj" with a loc sig for each of these repeatable loc sigs, the 
stored random loc sigs can have their confidences adjusted. 

Alternatively, in one embodiment of the present invention, the present function may be used for determining 
when it is desirable to update repeatable loc sigs in a particular area (instead of automatically and periodically updating 
such repeatable loc sigs). For example, by adjusting the confidence factors on repeatable loc sigs here provides a method 
for determining when repeatable loc sigs for a given area should be updated. That is, for example, when the area's average 
confidence factor for the repeatable loc sigs drops below a given (potentially high) threshold, then the MSs that provide the 
repeatable loc sigs can be requested to respond with new ioc sigs for updating the data base. Note, however, that the 
approach presented in this function assumes that the repeatable location information in the location signature data base 
1320 is maintained with high confidence by, for example, frequent data base updating. Thus, the random location 
signature data base verified location information may be effectively compared against the repeatable loc sigs in an area. 
INPUT: 

new_loc_obj: a data representation at least including a loc sig for an associated location about which Location 



selection jxiteria: a data representation designating the loc sigs to be selected to have their confidences updated 
(may be defaulted). The following groups of loc sigs may be selected: "USE JtANDOMJ.OC_SIGS" (this is the 
default), USE JEPEATABLEJOCJIGJ". "USE ALLJOCJIGS". Note that each of these selections has values 
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intended that such predetermined thresholds be substantially automatically adjustable by periodically testing 
various confidence factor thresholds in a specified geographic area to determine how well the eligible data 
base loc sigs (for different thresholds) perform in agreeing with a number of verified loc sigs in a "loc sig 
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Signature loc sigs are to have their confidences updated. 



for the following values associated with it (although the values may be defaulted): 
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(a) a confidence reduction factor for reducing loc sig confidences, 

(b) a big error threshold for determining the errors above which are considered too big to ignore, 

(c) a confidence increase factor for increasing loc sig confidences, 

(d) a small error threshold for determining the errors below which are considered too small (i.e., good) to 
ignore. 

(e) a recent time for specifying a time period for indicating the loc sigs here considered to be "recent". 
loc_sig_pop: a data representation of the type of loc sig population to which the loc sigs to be updated are 

compared. The following values may be provided: 

(a) "USE ALL LOC SIGS IN DB" 

(b) "USE ONLY REPEATABLE LOC SIGS" (this is the default), 

(c) "USE ONLY LOC SIGS WITH SIMILAR TIME OF DAY" 

However, environmental characteristics such as: weather, traffic, season are also contemplated. 

Confidence Aging Program 

The following program reduces the confidence of verified loc sigs in the location signature data base 1320 that are likely to 
be no longer accurate (i.e„ in agreement with comparable loc sigs in the data base). If the confidence is reduced low enough, then 
such loc sigs are removed from the data base. Further, if for a location signature data base verified location composite entity (i.e., a 
collection of ioc sigs for the same location and time), this entity no longer references any valid loc sigs, then it is also removed from 
the data base. Note that this program is invoked by "Update_LocJig_DB*\ 

reduce J>ad_DBJoc_sigs(loc_$ig_bag, error j>ec_set, big_error_threshold confidence j-eductionjactor, 

recent_time) 

Inputs: 

loc_sig _bag: A collection or "bag" of loc sigs to be tested for determining if their confidences should be lowered 

and/or any of these loc sigs removed. 
error_rec_set: A set of error records (objects), denoted "error j-ecs", providing information as to how much each 

loc sig in "Ioc_sig_bag" disagrees with comparable loc sigs in the data base. That is, there is a 

"error rec" here for each loc sig in "loc sift baff". 
big_error_threshold: The error threshold above which the errors are considered too big to ignore. 
confidence_reduction_factor: The factor by which to reduce the confidence of loc sigs. 

recentjime: Time period beyond which loc sigs are no longer considered recent. Note that "recent" loc sigs (i.e., 

more recent than "recentjime") are not subject to the confidence reduction and filtering of this 
actions of this function. 
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The following program increases the confidence of verified Location Signature loc sigs that are (seemingly) of higher 
accuracy (i.e., in agreement with comparable loc sigs in the location signature data base 1320). Note that this program is invoked by 
"UpdateLocSigDB". 

increase_confidence_of_good_DB_loc_$igs(nearbyJoc_sig_bag,error_rec_$et,jmall_error_thre$hold, 
confidencej'ncrease_factor, recent_time); 

Inputs: 

A collection or "bag" of to be tested for determining if their confidences should be increased. 
A set of error records (objects), denoted "erro^recs", providing information as to how much each 
loc sig in "foc sig bag" disagrees with comparable loc sigs in the location signature data base. That 

is, te±a£ mof-roc " horo for each l o * • ' •]• ' • ■ [i rW. 

small_error_threshold: The error threshold below which the errors are considered too small to ignore. 
confidence_increase_factor: The factor by which to increase the confidence of loc sigs. 

recent_time: Time period beyond which loc sigs are no longer considered recent. Note that "recent" loc sigs (i.e., 

more recent than "recent_time") are not subject to the confidence reduction and filtering of this 
actions of this function. 



loc_sig_bag: 
error rec set: 




Location Hypotheses Consistency Program 

The following program determines the consistency of location hypotheses with verified location information in the location 
signature data base 1320. Mote that in the one embodiment of the present invention, this program is invoked primarily by a module 
denoted the historical location reasoner 1424 described sections hereinbelow. Moreover, the detailed description for this program is 
provided with the description of the historical location reasoner hereinbelow for completeness. 
DB_Loc_Sig_Error_Fit(hypothesi$, measuredjk sig_bag, search criteria) 

/* This function determines how well the collection of locsigs in "measured_loc_sig_bag" fit with the loc sigs in the location 
signature data base 1 320 wherein the data base loc sigs nW satisfy the criteria of the input parameter "search_criteria" and 
are relatively close to the MS location estimate of the locatioflyhypothesis, "hypothesis". 
Input: hypothesis: MS locatioh>hypothesis; 

measured Joc_sigbag\collection of measured location signatures ("loc sigs" for short) obtained from the MS 
(the data structure here\an aggregation such as an array or list). Note, it is assumed that there is at most 
one loc sig here per Base StaKpn in this collection. Additionally, note that the input data structure here may 
be a location signature cluster sulfas the "loc_sig_cluster" field of a location hypothesis (cf. Fig. 9). Note 
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that variations in irftiit data structures may be accepted here by utilization of flag or tag bits as one skilled in 
the art will appreciate 

search_criteria: The criteriaVor searching the verified location signature data base for various categories of loc 
sigs. The only limitation^ the types of categories that may be provided here is that, to be useful, each 
category should have meaningful number of loc sigs in the location signature data base. The following 
categories included here aAillustrative, but others are contemplated: 

(a) "USE ALL LOC SIGSM DB" (the default), 

(b) "USE ONLY REPEATABLE LOC SIGS", 

(c) "USE ONLY LOC SIGS WITH SIMILAR TIME OF DAY". 

Further categories of loc sigs clos\to the MS estimate of "hypothesis" contemplated are: all ioc sigs for the 
same season and same time of daytall loc sigs during a specific weather condition (e.g., snowing) and at the 
same time of day, as well as other limitations for other environmental conditions such as traffic patterns. 
Note, if this parameter is NIL, then (a\is assumed. 
Returns: An error object (data type: "error object") having: (a) an "error" field with a measurement of the error in the fit 

of the location signatures from the MS with verified location signatures in the location signature data base 1320; 

and (b) a "confidence" field with a value indicating the perceived confidence that is to be given to the "error" 

value. */ 



Location Signature Comparison Program 

The following program compares: (a!) loc sigs tffat are contained in (or derived from) the loc sigs in 
"target Joc_sig__bag" with (bl) loc sigs computed from veHfied loc sigs in the location signature data base 1320. That is, each loc 
sig from (al) is compared with a corresponding loc sig from m to obtain a measurement of the discrepancy between the two loc sigs. 
In particular, assuming each of the loc sigs for "target Joc_si| bag" correspond to the same target MS location, wherein this 
location is "targetjoc", this program determines how well the W sigs in "target Joc_sig_bag" fit with a computed or estimated 
loc sig for the location, "targetjoc" that is derived from the verified loc sigs in the location signature data base 1320. Thus, this 
program may be used: (a2) for determining how well the loc sigs ih the location signature cluster for a target MS 
("target Joc_sig_bag") compares with loc sigs derived from verified location signatures in the location signature data base, and 
(b2) for determining how consistent a given collection of loc sigs ("tLetJoc_sig_bag") from the location signature data base is 
with other loc sigs in the location signature data base. Note that in (bV) each of the one or more loc sigs in "target joc sig bag" 
have an error computed here that can be used in determining if the lociig is becoming inapplicable for predicting target MS locations. 
Determine_LocationJignaturG_Fit_Errors(targetJoc, target Jo c_sig Jag, search_area, search_criteria t 
output_criteria) 

/* Input: targetjoc: An MS location or a location hypothesis for an MS. Note, this can be any of the following: 
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(a) An MS location hypothesis, in which case, if the hypothesis is inaccurate, then the loc sigs 
in "target Joc_sig_bag" are the location signature cluster from which this location 
hypothesis was derived. Note that if this location is inaccurate, then 

"target Joc_sig_bag" is unlikely to be similar to the comparable loc sigs derived from 
the loc sigs of the location signature data base close "targetjoc"; or 

(b) A previously verified MS location, in which case, the loc sigs of "target Joc_sigJ>ag" 
were the loc sigs measurements at the time they were verified. However, these loc sigs 
may or may not be accurate now. 

target Joc_sig_bag: Measured location signatures ("loc sigs" for short) obtained from the MS (the data 
structure here, bag, is an aggregation such as array or list). It is assumed that there is at least one loc sig 
in the bag. Further, it is assumed that there is at most one loc sig per Base Station; 

search_area: The representation of the geographic area surrounding "target Joe". This parameter is used for 
searching the Location Signature data base for verified loc sigs that correspond geographically to the 
location of an MS in "search_area; 

search_criteria: The criteria used in searching the location signature data base. The criteria may include the 
following: 

(a) W USE ALL LOC SIGS IN DB", 

(b) "USE ONLYREPEATABLE LOC SIGS", 

(c) "USE ONLY LOC SIGS WITH SIMILAR TIME OF DAY". 

However, environmental characteristics such as: weather, traffic, season are also contemplated, 
output criteria: The criteria used in determining the error records to output in "error_rec_bag". The criteria 
here may include one of: 

(a) "OUTPUT ALL POSSIBLE ERROR JECS"; 

(b) "OUTPUT ERROR_RECS FOR INPUT LOC SIGS ONLY". 

Returns: error jK_bag: A bag of error records or objects providing an indication of the similarity between each loc sig 
in "target Joc_sig_bag" and an estimated loc sig computed for "target Joe" from stored loc sigs in a surrounding 
area of "targetjoc". Thus, each error record/object in "error_rec_bag" provides a measurement of how well a loc 
sig (i.e., wireless signal characteristics) in "target Joc_sig_bag" (for an associated BS and the MS at "targetjoc") 
correlates with an estimated loc sig between this BS and MS. Note that the estimated loc sigs are determined using 
verified location signatures in the Location Signature data base. Note, each error record in "error rec bag" 
includes: (a) a BS ID indicating the base station to which the error record corresponds; and (b) a error measurement 
(> = 0), and (c) a confidence value (in [0, 1]) indicating the confidence to be placed in the error measurement. 
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Computed location Signature Program 

The following program receives a collection of loc sigs and computes a loc sig that is representative of the loc sigs in the 
collection. That is, given a collection of loc sigs, *'loc_sig_bag", wherein each loc sig is associated with the same predetermined Base 
Station, this program uses these loc sigs to compute a representative or estimated loc sig associated with the predetermined Base 
Station and associated with a predetermined MS location, "loc_for_estimation". Thus, if the loc sigs in "loc_sig_bag" are from the 
verified loc sigs of the location signature data base such that each of these loc sigs also has its associated MS location relatively close 
to "loc_for_estimation", then this program can compute and return a reasonable approximation of what a measured loc sig between 
an MS at "loc_for_estimation" and the predetermined Base Station ought to be. This program is invoked by 
"Determine_Location_Signature_Fit_Errors". 
e$timate_loc_sig L _from_DB(loc_for_ejtimation, loc_sig_bag) 

Geographic Area Representation Program 

The following program determines and returns a representation of a geographic area about a location, "loc", wherein: (a) 
the geographic area has associated MS locations for an acceptable number (i.e., at least a determined minimal number) of verified loc 
sigs from the location signature data base, and (b) the geographical area is not too big. However, if there are not enough loc sigs in 
even a largest acceptable search area about "loc", then this largest search area is returned. "DBLocSigErrorFit" 
get_area_to_search(loc) 

Location signature Comparison Program 

This program compares two location signatures, "target_loc_sig" and "comparison_loc_sig", both associated with the 
same predetermined Base Station and the same predetermined MS location (or hypothesized location). This program determines a 
measure of the difference or error between the two loc sigs relative to the variability of the verified location signatures in a collection 
of loc sigs denoted the "comparison_loc_sig_bag" obtained from the location signature data base. It is assumed that 
"target_loc_sig", "comparisonjo^sig" and the loc sigs in "comparison_loc_sig_bag M are all associated with the same base 
station. This program returns an error record (object), "error_rec", having an error or difference value and a confidence value for 
the error value. Note, the signal characteristics of "target_loc_sig" and those of "comparisonjocjig" are not assumed to be 
similarly normalized (e.g., via filters as per the filters of the Signal Processing Subsystem) prior to entering this function. It is 
further assumed that typically the input loc sigs satisfy the "searchjriteria". This program is invoked by: the program, 
"Determine_Location_Signature_Fit_Errors", described above. 

get_difference_measurement(target_ioc_sig, comparison Joc_sig, comparison Joc_sig_bag, search_area, 

search_criteria) 

input: 
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target_loc_sig: The loc sig to which the "error_rec" determined here is to be associated. 
comparison_loc_sig: The loc sig to compare with the "target_loc_sig". Note, if "comparison_loc_sig" is NIL, then this 

parameter has a value that corresponds to a noise level of "target_loc_sig". 
comparison_loc_sig_bag: The universe of loc sigs to use in determining an error measurement between "target_loc_sig" and 

"comparisonJoc_sig" . Note, the loc sigs in this aggregation include all loc sigs for the 
associated BS that are in the "search_area". 
search_area: A representation of the geographical area surrounding the location for all input loc sigs. This input is used for 

determining extra information about the search area in problematic circumstances. 
search_criteria: The criteria used in searching the location signature data base. The criteria may include the following: 

(a) "USE ALL LOC SIGS IN DB", 

(b) "USE ONLY REPEATABLE LOC SIGS", 

(c) "USE ONLY LOC SIGS WITH SIMILAR TIME OF DAY 

However, environmental characteristics such as: weather, traffic, season are also contemplated. 

Detailed Description of the Hypothesis Evaluator Modules 
Context Adjuster Embodiments 

The context adjuster 1326 performs the first set of potentially many adjustments to at least the confidences of location hypotheses, and in 
some important embodiments, both the confidences and the target MS location estimates provided by FOMs 1224 may be adjusted according to 
previous performances of the FOMs. More particularly, as mentioned above, the context adjuster adjusts confidences so that, assuming there is 
a sufficient density verified location signature dusters captured in the location signature data base 1320, the resulting location hypotheses 
output by the context adjuster 1326 may be further processed uniformly and substantially without concern as to differences in accuracy 
between the first order models from which location hypotheses originate. Accordingly, the context adjuster adjusts location hypotheses both 
to environmental factors (e.g, terrain, traffic, time of day, etc, as described in 30.1 above), and to how predictable or consistent each first 
order model (FOM) has been at locating previous target MS's whose locations were subsequently verified. 

Of particular importance is the novel computational paradigm utilized herein. That is, if there is a sufficient density of previous verified 
MS location data stored in the location signature data base 1320, then the FOM location hypotheses are used as an "index" into this data base 
(i.e„ the location signature data base) for constructing new target MS 140 location estimates. A more detailed discussion of this aspect of the 
present invention is given hereinbelow. Accordingly, only a brief overview is provided here. Thus, since the location signature data base 1320 
stores previously raptured MS location data including: 

(a) clusters of MS location signature signals (see the location signature data base section for a discussion of these signals) and 

(b) a corresponding verified MS location, for each such cluster, from where the MS signals originated, 
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the context adjuster 1326 uses newly created target MS location hypotheses output by the FOM's as indexes or pointers into the location 
signature data base for identifying other geographical areas where the target MS 140 is likely to be looted based on the verified MS location 
data in the location signature data base. 

In particular, at least the following two criteria are addressed by the context adjuster 1326: 

(32.1) Confidence values for location hypotheses are to be comparable regardless of first order models from which the location 
hypotheses originate. That is, the context adjuster moderates or dampens confidence value assignment distinctions or 
variations between first order models so that the higher the confidence of a location hypothesis, the more likely (or 
unlikely, if the location hypothesis indicates an area estimate where the target MS is NOT) the target MS is perceived to be 
in the estimated area of the location hypothesis regardless of the First Order Model from which the location hypothesis was 
output; 

(322) Confidence values for location hypotheses may be adjusted to account for current environmental characteristics such as 
month, day (weekday or weekend), time of day, area type (urban, rural, etc.), traffic and/or weather when 
comparing how accurate the first order models have previously been in determining an MS location according to 
such environmental characteristics. For example, in one embodiment of the present invention, such 
environmental characteristics are accounted for by utilizing a transmission area type scheme (as discussed in 
section S.9 above) when adjusting confidence values of location hypotheses. Details regarding the use of area 
types for adjusting the confidences of location hypotheses and provided hereinbelow, and in particular, in 
APPENDIX D. 

Note that in satisfyingthe above two criteria, the context adjuster 1326, at least in one embodiment, may use heuristic (fuzzy 
logic) rules to adjust the confidence values of location hypotheses from the first order models. Additionally, the context adjuster 
may also satisfy the following criteria: 

(33.1) The context adjuster may adjust location hypothesis confidences due to BS failure(s), 

(33.2) Additionally in one embodiment, the context adjuster may have a calibration mode for at least one of: 

(a) calibrating the confidence values assigned by first order models to their location hypotheses outputs; 

(b) calibrating itself. 

A first embodiment of the context adjuster is discussed immediately hereinbelow and in APPENDIX D. However, the 
present invention also includes other embodiments of the context adjuster. A second embodiment is also described in Appendix D so 
as to not overburden the reader and thereby chance losing perspective of the overall invention. 

A description of the high level functions in an embodiment of the context adjuster 1326 follows. Details regarding the 
implementation of these functions are provided in APPENDIX D. Also, many of the terms used hereinbelow are defined in APPENDIX 
D. Accordingly, the program descriptions in this section provide the reader with an overview of this first embodiment of the context 
adjuster 1326. 



Context_adjuster(loc_hyp_list) 

84 



WO 98/10307 PCTYUS97/15892 

This function adjusts the location hypotheses on the list, "Ioc_hyp_list'\ so that the confidences of the location hypotheses 
are determined more by empirical data than default values from the First Order Models 1224. That is, for each input location 
hypothesis, its confidence (and an MS location area estimate) may be exclusively determined here if there are enough verified location 
signatures available within and/or surrounding the location hypothesis estimate. 

This function creates a new list of location hypotheses from the input list, "locjypjist", wherein the location hypotheses on 
the new list are modified versions of those in the input list. For each location hypothesis on the input list, one or more corresponding 
location hypotheses will be on the output lisfl Such corresponding output location hypotheses will differ from their associated input 
location hypothesis by one or more of the following: (a) the "image_area M field (see Fig. 9) may be assigned an area indicative of 
where the target MS is estimated to be, (b) if 4nage_area" is assigned, then the "confidence" field will be the confidence that the 
target MS is located in the area for "imagers', (c) if there are not sufficient "nearby" verified location signature clusters in the 
location signature data base 1320 to entirely rely U a computed confidence using such verified location signature clusters, then two 
location hypotheses (having reduced confidences) ttill be returned, one having a reduced computed confidence (for "image_area") 
using the verified clusters in the Location Signature data base, and one being substantially the same as the associated input location 
hypothesis except that the confidence (for the field "fcea_est") is reduced to reflect the confidence in its paired location hypothesis 
having a computed confiderce for "image_arfa". Noft also, in some cases, the location hypotheses on the input list, may have no 
change to its confidence or the area to which the confidence applies. 

6 ct__adjusted_loc hypJisMor( l oc hyp) 

This function returns a list (or more generally, an aggregation object) of one or more location hypotheses related to the 
input location hypothesis, "tocjiyp". In particular, the returned location hypotheses on the list are "adjusted" versions of 
"loc_hyp" in that both their target MS MO location estimates, and confidence placed in such estimates may be adjusted according to 
archival MS location information in the location signature data base 1320. Note that the steps herein are also provided in flowchart 
form in Figs. 26a through 26c. 

RETURNS: loc_hyp Jist This is a list of one or more location hypotheses related to the 

input "lochyp". Each location hypothesis on "locjyp Jisf will typically be 
substantially the same as the input "locjiyp" except that there may now be a new target 
MS estimate in the field, "image_area", and/or the confidence value may be changed to 
reflect information of verified location signature clusters in the location signature data 
base. 

The function, H get_adjustedJoc_hypJiJt for " and functions called by this function presuppose a framework 
or paradigm that requires some discussion as well as the defining some terms. Note that some of the terms defined hereinbelow 
are illustrate^ Fig. 241. 

Define the term the "the cluster set" to be the set of all MS location point estimates (e.g., the values of the "pt_esf field of the 
location hypothesis data type), for the present FOM, such that: 
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(a) these estimates are within a predetermined corresponding area (e.g., the "loc Jyp.pt_covering" being such a 
predetermined corresponding area, or more generally, this predetermined corresponding area is determined as a 
function of the distance from an initial location estimate, e.g., "loc Jyp.pt_est", from the FOM), and 

(b) these point estimates have verified location signature clusters in the location signature data base. 
Note that the predetermined corresponding area above will be denoted as the "cluster set area". 
Define the term "image cluster set" (fotei given First Order Model identified by "loc Jyp.FOM JD") to mean the set of verified 

location signature clusters whose MS location p\int estimates are in "the cluster set". 

Note that an area containing the "image cluster set" will be denoted as the "image cluster set area" or simply the "image area" 
in some contexts. Further note that the "image cluster set area" will be a "small" area encompassing the "image cluster set", in one 
embodiment, the image cluster set area will be the smallest covering of cells from the mesh for the present FOM that covers the 
convex hull of the image cluster set. Note that preferably, each cell of each mesh for each FOM is substantially contained within a 
single (transmission) area type. 

Thus, the present FOM provides the correspondences or mapping between elements of the cluster set and elements of the image 
cluster set. 

confidence_adjuster(FOM_ID, image_area, image j:luster_set) 

This function returns a confidence value indicative of the target MS 140 being in the area for "image_area". Note that 
the steps for this function are provided in flowchart form in Figs. 27a and 27b. 

RETURNS: A confidence value. This is a value indicative of the target MS being located in the area represented by 

w image_area" (when it is assumed that for the related "loc Jyp," the "cluster set area" is the "loc Jyp.pt ^covering" 
and "loc Jyp.FOMJD" is "FOM JD"). 

The function, "confidence_adjuster " (and functions called by this function) presuppose a framework or paradigm that 
requires some discussion as well as the defining of terms. 

Define the term "mapped dustendensity" to be the number of the verified location signature clusters in an "image cluster 
set" per unit of area in the "image clusteyet area". 

It is believed that the higher the "mapped cluster density", the greater the confidence can be had that a target MS actually 
resides in the "image cluster set area" when an estimate for the target MS (by the present FOM) is in the corresponding "the 
cluster set". 

Thus, the mapped cluster density becomes an important factor in determining a confidence value for an estimated area of a 
target MS such as, for example, the area represented by "imagejirea". However, the mapped cluster density value requires 
modification before it can be utilized in the confidence calculation. In particular, confidence values must be in the range [-1,1] 
and a mapped cluster density does not have this constraint. Thus, a "relativized mapped cluster density" for an estimated MS 
area is desired, wherein this relativized measurement is in the range [-1, + 1], and in particular, for positive confidences in the 
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range [0,1]. Accordingly, to alleviate this difficulty, for the FOM define the term "prediction mapped cluster density" as a 
mapped cluster density value, MCD, for the FOM and image cluster set area wherein: 

(i) MCD is sufficiently high so that it correlates (at least at a predetermined likelihood threshold level) with the actual target 
MS location being in the "image cluster set area" when a FOM target MS location estimate is in the corresponding "cluster 
5 set area"; 

That is, for a cluster set area (e.g. "Ioc_hyp.pt_covering") for the present FOM, if the image cluster set area: has a mapped 
cluster density greater than the "prediction mapped cluster density", then there is a high likelihood of the target MS being in the 
image cluster set area. 

It is believed that the prediction mapped cluster density will typically be dependent on one or more area types. In 
10 particular, it is assumed that for each area type, there is a likely range of prediction mapped cluster density values that is 
substantially uniform across the area type. Accordingly, as discussed in detail hereinbelow, to calculate a prediction mapped 
cluster density for a particular area type, an estimate is made of the correlation between the mapped cluster densities of image 
areas (from cluster set areas) and the likelihood that if a verified MS location: (a) has a corresponding FOM MS estimate in the 
cluster set, and (b) is also in the particular area type, then the verified MS location is also in the image area. 
15 Thus, if an area is within a single area type, then such a "relativized mapped cluster density" measurement for the area 

may be obtained by dividing the mapped cluster density by the prediction mapped cluster density and taking the smaller of: the 
resulting ratio and 1.0 as the value for the relativized mapped cluster density. 

In some (perhaps most) cases, however, an area (e.g., an image cluster set area) may have portions in a number of area 
types. Accordingly, a "composite prediction mapped cluster density" may be computed, wherein, a weighted sum is computed of 
20 the prediction mapped cluster densities for the portions of the area that is in each of the area types. That is, the weighting, for 
each of the single area type prediction mapped cluster densities, is the fraction of the total area that this area type is. Thus, a 
"relativized composite mapped cluster density" for the area here may also be computed by dividing the mapped cluster density 
by the composite prediction mapped cluster density and taking the smaller of: the resulting ratio and 1.0 as the value for the 
relativized composite mapped cluster density. 
25 Accordingly, note that as such a relativized (composite) mapped cluster density for an image cluster set area increases/decreases, it is 
assumed that the confidence of the target MS being in the image cluster set area should increase/decrease, 
respectively. 

get_composite_prediction_mapped_cluster_density_for_high_certainty(FOM_ID,image_area); 
30 The present function determines a composite prediction mapped cluster density by determining a composite prediction 

mapped cluster density for the area represented by "image_area" and for the First Order Model identified by "FOMJD". 
OUTPUT: composite_mapped_density This is a record for the composite prediction 
mapped cluster density. In particular, there are with two fields: 
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(i) a "value" field giving an approximation to the prediction mapped cluster density for the First 
Order Model having id, FOM JD; 

(ii) a "reliability" field giving an indication as to the reliability of the "value" field. The reliability 
field is in the range [0, 1] with 0 indicating that the "value" field is worthless and the larger the 
value the more assurance can be put in "value" with maximal assurance indicated when "reliability 1 
is I. 



get_predirtion__mapped_duster_density_for(FOM_ID t area_type) 

The present function determines an approximation to a prediction mapped cluster density, D, for an area type such that if an 
image cluster set area has a mapped cluster density > = D, then there is a high expectation that the target MS 140 is in the 
image cluster set area. Note that there are a number of embodiments that may be utilized for this function. The steps herein are 
also provided in flowchart form in Figs. 29a through 29h. 

OUTPUT: predirtion_mapped_cluster_density This is a value giving an approximation to the prediction mapped 

cluster density for the First Order Model having identity, "FOMJD", and for the area type represented by 
"areajype" */ 

It is important to note that the computation here for the prediction mapped cluster density may be more intense than 
some other computations but the cluster densities computed here need not be performed in real time target MS location 
processing. That is, the steps of this function may be performed only periodically (e.g., once a week), for each FOM and each area 
type thereby precomputing the output for this function. Accordingly, the values obtained here may be stored in a table that is 
accessed during real time target MS location processing. However, for simplicity, only the periodically performed steps are 
presented here. However, one skilled in the art will understand that with sufficiently fast computational devices, some related 
variations of this function may be performed in real-time. In particular, instead of supplying area type as an input to this 
function, a particular area, A, may be provided such as the image area for a cluster set area, or, the portion of such an image area 
in a particular area type. Accordingly, wherever "area_type" is used in a statement of the embodiment of this function below, a 
comparable statement with "A" can be provided. 

Location Hypothesis Analyzer Embodiment 

Referring now to Fig. 7, an embodiment of the Hypothesis Analyzer is illustrated. The control component is denoted the control 
module I4O0 . Thus, this control module manages or controls access to the runtime location hypothesis storage area 1410. The control module 
1400 and the run time location hypothesis storage area 1410 may be implemented as a blackboard system and/or an expert system. 
Accordingly, in the blackboard embodiment, , and the control module 1400 determines when new location hypotheses may be entered onto the 
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blackboard from other processes such as the context adjuster 1326 as well as when location hypotheses may be output to the most likelihood 
estimator 1344. 

The following is a brief description of each submodule included in the location hypothesis analyzer 1332. 

(35.1) A control module 1400 for managing or controlling further processing of location hypotheses received from the context adjuster. This 
module controls all location hypothesis processing within the location hypothesis analyzer as well as providing the input interface with 
the context adjuster. There are numerous embodiments that may be utilized for this module, including, but not limited to, expert 
systems and blackboard managers. 

(352) A run-time location hypothesis storage area 1410 for retaining location hypotheses during their processing by the location hypotheses 
analyzer. This an be, for example, an expert system fact base or a blackboard. Note that in some of the discussion hereinbelow, for 
simplicity, this module is referred to as a "blackboard". However, it is not intended that such notation be a limitation on the present 
invention; Le„ the term "blackboard" hereinafter will denote a run-time data repository for a data processing paradigm wherein the 
flow of control is substantially data-driven. 

(35 J) An analytical reasoner module 1416 for determining if (or how well) location hypotheses are consistent with well known physical or 
heuristic constraints as, e.g., mentioned in (30.4) above. Note that this module may be a daemon or expert system rule base. 

(35.4) An historical location reasoner module 1424 for adjusting location hypotheses' confidences according to how well the location signature 

characteristics (i.e., loc sigs) associated with a location hypothesis compare with "nearby" loc sigs in the location signature data base 
as indicated in (303) above. Note that this module may also be a daemon or expert system rule base. 

(35.5) A location extrapolator module 1432 for u& in updating previous location estimates for a target MS when a more recent location 

hypothesis is provided to the location hypothesis analyzer 1332. That is, assume that the control module 1400 receives a new location 
hypothesis for a target MS for which there ate also one or more previous location hypotheses that either have been recently processed 
(i.e., they reside in the MS status repository I3B8, as shown best in Fig. 6), or are currently being processed (i.e., they reside in the run- 
time location hypothesis storage area 1410). Accordingly, if the advejimestamp (see Fig. 9 regarding location hypothesis data 
fields) of the newly received location hypothesis ft sufficiently more recent than the activejimestamp of one of these previous location 
hypotheses, then an extrapolation may be perfornfcd by the location extrapolator module 1432 on such previous location hypotheses so 
that all target MS location hypotheses being concurrently analyzed are presumed to include target MS location estimates for 
substantially the same point in time. Thus, initial location estimates generated by the FOMs using different wireless signal 
measurements, from different signal transmission timeWrvals, may have their corresponding dependent location hypotheses utilized 
simultaneously for determining a most likely target MS Ideation estimate. Note that this module may also be daemon or expert system 
rul^base. 

(35.6) hypothesis generating module 1428 for generating additional location hypotheses according to, for example, MS location information 

not adequately utilized or modeled. Note, location hypotheses may also be decomposed here if, for example it is determined that a 
location hypothesis includes an MS area estimate that has subareas with radically different characteristics such as an MS area estimate 
that includes an uninhabited area and a densely populated area. Additionally, the hypothesis generating module 1428 may generate 
• "poor reception" location hypotheses that specify MS location areas of known poor reception that are "near" or intersect currently 
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active location hypotheses. Note, that these poor reception location hypotheses may be specially tagged (e.g., with a distinctive 
FOM JD value or specific tag field) so that regardless of substantially any other location hypothesis confidence value overlapping such 
a poor reception area, such an area will maintain a confidence value of "unknown" (Le., zero). Note that substantially the only 
exception to this constraint is location hypotheses generated from mobile base stations 148. Note that this module may also be daemon 
or expert system rule base. 

In the blackboard system embodiment of the location hypothesis analyzer, a blackboard system is the mechanism by which the last 
adjustments are performed on loation hypotheses and by which additional location hypotheses may be generated.. Briefly, a blackboard 
system can be described as a particular class of software that typically includes at least three basic components. That is: 

(36.1) a data base called the "blackboard," whose stored information is commonly available to a collection of programming 



current status of the location hypotheses being evaluated to determine a "most likely" MS location estimate. Note that 
this data base is provided by the run time location hypothesis storage area 1410; 

(362) one or more active (and typically opportunistic) knowledge sources, denoted conventionally as "daemons " that create 
and modify the contents of the blackboard. The blackboard system employed requires only that the daemons have 
application knowledge specific to the MS location problem addressed by the present invention. As shown in Fig. 7, the 
knowledge sources or daemons in the hypothesis analyzer include the analytical reasoner module 1416, the hypothesis 
generating module 1428, and the historical location reasoner module 1416; 

(363) a control module that enables the realization of the behavior in a serial computing environment The control element 
orchestrates the flow of control between the various daemons. This control module is provided by the control module 
1400. 

Note that this blackboard system may be commercial, however, the knowledge sources, Le, daemons, have been developed specifically for 
the present invention. For further information regarding such blackboard systems, the following references are incorporated herein by 
reference: (a) Jagannathan, V., Dodhiawala,R.,&Baum,LS. (1989). Blackboard architectures and applications. Boston, MA: Harcourt Brace 
Jovanovich Publishers; (b) Engelmore, R., S Morgan J. (1988). Blackboard systems. Reading, MA: Addison-Wesley Publishing Company. 

Alternatively, the control module 1400 and the run-time location hypothesis storage area 1410 may be implemented as an expert system 
or as a fuzzy rule inferencing system, wherein the control module 1400 activates or "fires" rules related to the knowledge domain (in the 
present case, rules relating to the accuracy of MS location hypothesis estimates), and wherein the rules provide a computational embodiment of, 
for example, constraints and heuristics related to the accuracy of MS location estimates. Thus, the control module 1400 for the present 
embodiment is also used for orchestrating, coordinating and controlling the activity of the individual rule bases of the location hypothesis 
analyzer (e.g. as shown in Fig. 7, the analytical reasoner module 1416, the hypothesis generating module 1428 , the historical location reasoner 
module 1424, and the location extrapolator module 1432). For further information regarding such expert systems, the following reference is 
incorporated herein by reference: Waterman, D. A. (1970). A guide to expert systems. Reading, MA: Addison-Wesley Publishing Company. 



elements known as "daemons", wherein, in the present invention, the blackboard includes information concerning the 
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MS Status Repository Embodiment 

The MS status repository 1338 is a run-time storage manager for storing location hypotheses from previous activations of the 
location engine 139 (as well as the output target MS location estimate(s)) so that a target MS may be tracked using target MS 
location hypotheses from previous location engine 139 activations to determine, for example, a movement of the target MS between 
5 evaluations of the target MS location. Thus, by retaining a moving window of previous location hypotheses used in evaluating 
positions of a target MS, measurements of the target MS's velocity, acceleration, and likely next position may be determined by the 
location hypothesis analyzer 1332. Further, by providing accessibility to recent MS location hypotheses, these hypotheses may be used 
to resolve conflicts between hypotheses in a current activation for locating the target MS; e.g., MS paths may be stored here for use in 
extrapolating a new location 

10 Most Likelihood Estimator Embodiment 

The most likelihood estimator 1344 is a module for determining a "most likely" location estimate for a target MS 140 being looted 
(e.g„ as in (30.7) above). In one embodiment, the most likelihood estimator performs an integration or summing of all location hypothesis 
confidence values for any geographic region(s) of interest having at least one location hypothesis that has been provided to the most likelihood 
estimator, and wherein the location hypothesis has a relatively (or sufficiently) high confidence. That is, the most likelihood estimator 1344 
15 determines the area(s) within each such region having high confidences (or confidences above a threshold) as the most likely target MS 140 
location estimates. 

In one embodiment of the most likelihood estimator 1344, this module utilizes an area mesh, M, over which to integrate, wherein the 
mesh cells of M are preferably smaller than the greatest location accuracy desired. That is, each cell, c of M is assigned a confidence value 
indicating a likelihood that the target MS 140 is located in c, wherein the confidence value for c is determined by the confidence values of the 
target MS location estimates provided to the most likelihood estimator 1344. Thus, to obtain the most likely location determination(s) the 
following steps are performed: 

(a) For each of the active location hypotheses output by, e.g., the hypothesis analyzer 1332 (alternatively, the context adjuster 
1326), each corresponding MS location area estimate, LAE, is provided with a smallest covering, C^, of cells c from M. 

(b) Subsequently, each of the cells of have their confidence values adjusted by adding to it the confidence value for LAE. 
Accordingly, if the confidence of LEA is positive, then the cells of have their confidences increased. Alternatively, if the 

confidence of LEA is negative, then the cells of have their confidences decreased. 

(c) Given that the interval [-1 .0, + 1 .0] represents the range in confidence values, and that this range has been partitioned into 

intervals, Int, having lengths of, e.g., 0.05, for each interval, Int, perform a cluster analysis function for clustering cells with 
confidences that are in Int Thus, a topographical-type map may be constructed from the resulting cell clusters, wherein 
30 higher confidence areas are analogous to representations of areas having higher elevations. 

(d) Output a representation of the resulting clusters for each Int to the output gateway 1356 for determining the location 

granularity and representation desired by each location application 146 requesting the location of the target MS 140. 
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Of course, variations in the above algorithm also within the scope of the present invention. For example, some embodiments of the 
most likelihood estimator 1344 may: 

(e) Perform special processing for areas designated as "poor reception" areas. Forexample, the most likelihood estimator 1344 may 
5 be able to impose a confidence value of zero (i.e., meaning it is unknown as to whether the target MS is in the area) on each 

such poor reception area regardless of the location estimate confidence values unless there is a location hypothesis from a 
reliable and unanticipated source. That is, the mesh cells of a poor reception area may have their confidences set to zero 
unless, e.g„ there is a location hypothesis derived from target MS location data provided by a mobile base station 1 48 that 
(a) is near the poor reception area, (b) able to detect that the target MS 140 is in the poor reception area, and (c) can relay 
10 tar ? et MS loation da & to the location center 142. In such a case, the confidence of the target MS location estimate from the 

MBS location hypothesis may take precedence. 
(0 Additionally, in some embodiments of the most likelihood estimator 1344, cells c of M that are "near" or adjacent to a covering 
Cm may also have their confidences adjusted according to how near the cells c are to the covering. That is, the assigning of 
confidences to cell meshes may be "fuzzified" in the terms of fuzzy logic so that the confidence value of each location 
15 hypothesis utilized by the mostiikelihood estimator 1344 is provided with a weighting factor depending on its proxity to the 

target MS location estimate of the location hypothesis. More precisely, it is believed that "nearness," in the present context, 
should be monotonic with the "wideness" of the covering; i.e., as the extent of the covering increases (decreases) in a 
particular direction, the cells c affected beyond the covering also increases (decreases). Furthermore, in some embodiments of 
the most likelihood estimator 1344, the greater (lesser) the confidence in the LEA, the more (fewer) cells c beyond the covering 
20 have their confidences affected. To describe this technique in further detail, reference is made to Fig. 1 0, wherein an area A is 

assumed to be a covering having a confidence denoted "conf" . Accordingly, to determine a confidence adjustment to add 
to a cell c not in A (and additionally, the centroid of A not being substantially identical with the centroid of c which could occur 
if A were donut shaped), the following steps may be performed: 
(i) Determine the centroid of A, denoted Cent(A). 
25 00 Determine the centroid of the cell t denoted Q. 

(Hi) Determine the extent of A along the line between Cent(A) and Q, denoted L 
(iv) For a given type of probability density function, P(x), such as a Gaussian function, let T be the beginning 
portion of the function that lives on the x-axis interval [0, t], wherein P(t) = ABS(conf) = the absolute 
value of the confidence of C^. 

30 M Stretch T along the x-axis so that the stretched function, denoted sT(x), has an x-axis support of [0, 17(1 H-c* 

[ a (ABS(conO- 1)]^ ^ ^ , $ ^ ^ ^ 3 g ^ |(J Q; ^ ^ ^ ^ ^ ^ ^ 

P(x * (I + e " [a(ABS(conf) " l)] )A), on this stretched extent. Further note that for confidences of + 1 
and -I , the support of sT(x) is [0, L] and for confidences at (or near) zero this support. Further, the term, 

^(l+e-WH-i)]) 
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is monotonically increasing with L and ABS(conf). 

(vi) Determine D = the minimum distance that Q is outside of A along the line between Cent(A) and Q. 

(vii) Determine the absolute value of the change in the confidence of c as sT(D). 

(viii) Provide the value sT(D) with the same sign as conf, and provide the potentially sign changed value sT(D) as 
the confidence of the cell c. 

Additionally, in some embodiments, the most likelihood estimator 1344, upon receiving one or more location hypotheses from the 
hypothesis analyzer 1332, also performs some or all of the following tasks: 

(37.1 ) Filters out location hypotheses having confidence values near zero whenever such location hypotheses are deemed too 

unreliable to be utilized in determining a target MS location estimate. For example, location hypotheses having confidence 
values in the range [-0.02, 0.02] may be filtered here; 

(372) Determines the area of interest over which to perform the integration. In one embodiment, this area is a convex hull 

including each of the MS area estimates from the received location hypotheses (wherein such location hypotheses have not 
been removed from consideration by the filtering process of (37.1)); 

(373) Determines, once the integration is performed, one or more collections of contiguous area mesh cells that may be deemed a 

"most likely" MS location estimate, wherein each such collection includes one or more area mesh cells having a high 
confidence value. 

Detailed Description of the Location Hypothesis Analyzer Submodules 



Analytical Reasoner Module 

The analytical reasoner applies constraint or "sanity" checks to the target MS estimates of the location hypotheses residing in the Run-time 
Location Hypothesis Storage Area for adjusting the associated confidence values accordingly. In one embodiment, these sanity checks involve 
"path" information. That is, this module determines if (or how well) location hypotheses are consistent with well known physical constraints 
such as the laws of physics, in an area in which the MS (associated with the location hypothesis) is estimated to be located. For example, if the 
difference between a previous (most likely) location estimate of a target MS and an estimate by acummt location hypothesis requires the MS 
to: 

(a) move at an unreasonably high rate of speed (e.g„ 200 mph), or 

(b) move at an unreasonably high rate of speed for an area (e.g., 80 mph in a corn patch), or 

(c) make unreasonably sharp velocity changes (e.g n from 60 mph in one direction to 60 mph in the opposite direction in 4 sec), 
then the confidence in the current hypothesis is reduced. Such path information may be derived for each time series of location hypotheses 
resulting from the FOMs by maintaining a window of previous location hypotheses in the MS status repository 1338. Moreover, by additionally 
retaining the "most likely" target MS location estimates (output by the most likelihood estimator 1344), current location hypotheses may be 
compared against such most likely MS location estimates. 
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The following path sanity checks are incorporated into the computations of this module. That is: 

(I) do the predicted MS paths generally follow a known transportation pathway (e.g., in the case of a calculated speed of greater 
than 50 miles per hour are the target MS location estimates within, for example, 2 miles of a pathway where such speed may be 
sustained); if so (not), then increase (decrease) the confidence of the location hypotheses not satisfying this criterion; 
5 (2) are the speeds, velocities and accelerations, determined from the current and past target MS location estimates, reasonable for 

the region (e.g., speeds should be less than 60 miles per hour in a dense urban area at 9 am); if so (not), then increase 
(decrease) the confidence of those that are (un)reasonable; 
(3) are the locations, speeds, velocities and/or accelerations similar between target MS tracks produced by different FOMs similar; 
decrease the confidence of the currently active location hypotheses that are indicated as "outliers" by this criterion; 
10 ( 4 ) are the currently active location hypothesis target MS estimates consistent with previous predictions of where the target MS is 

predicted to be from a previous (most likely) target MS estimate; if not, then decrease the confidence of at least those location 
hypothesis estimates that are substantially different from the corresponding predictions. Note, however, that in some cases this 
may be over ruled. For example, if the prediction is for an area for which there is Location Base Station coverage, and no 
location Base Station covering the area subsequently reports communicating with the target MS, then the predictions are 
15 incorrect and any current location hypothesis from the same FOM should not be decreased here if it is outside of this Location 

Base Station coverage area. 

Notice from Fig. 7 that the analytical reasoner can access location hypotheses currently posted on the Run-time Location Hypothesis 
Storage Area. Additionally, it interacts with the Pathway Database which contains information concerning the location of natural 

20 transportation pathways in the region (highways, rivers, etc) and the Area Characteristics Database which contains information concerning, for 
example, reasonable velocities that can be expected in various regions (for instance, speeds of 80 mph would not be reasonably expected in 
dense urban areas). Note that both speed and direction can be important constraints; e.g., even though a speed might be appropriate for an 
area, such as 20 mph in a dense urban area, if the direction indicated by a time series of related location hypotheses is directly through an 
extensive building complex having no through traffic routes, then a reduction in the confidence of one or more of the location hypotheses may 

25 be appropriate. 

One embodiment of the Analytical Reasoner illustrating how such constraints may be implemented is provided in the following section. 
Note, however, that this embodiment analyzes only location hypotheses having a non-negative confidence value. 
Modules of an embodiment of the analytical reasoner module 1416 are provided hereinbelow. 



30 



Path Comparison Module 

The path comparison module 1454 implements the following strategy: the confidence of a particular location hypothesis is be increased 
(decreased) if it is (not) predicting a path that lies along a known transportation pathway (and the speed of the target MS is sufficiently high). 
For instance, if a time series of target MS location hypotheses for a given FOM is predicting a path of the target MS that lies along an interstate 
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highway, the confidence of the currently active location hypothesis for this FOM should, in general, be increased. Thus, at a high level the 
following steps may be performed: 

(a) For each FOM having a currently active location hypothesis in the Run-time Location Hypothesis Storage Area (also denoted 

"blackboard"), determine a recent "path" obtained from a time series of location hypotheses for the FOM. This computation for the 
"path" is performed by stringing together successive "center of area" (COA) or centroid values determined from the most pertinent 
target MS location estimate in each location hypothesis (recall that each location hypothesis may have a plurality of target MS area 
estimates with one being the most pertinent). The information is stored in, for example, a matrix of values wherein one dimension 
of the matrix identifies the FOM and the a second dimension of the matrix represents a series of COA path values. Of course, some 
entries in the matrix may be undefined. 

(b) Compare each path obtained in (a) against known transportation pathways in an area containing the path. A value, pathjnatch(i), 
representing to what extent the path matches any known transportation pathway is computed- Such values are used later in a 
computation for adjusting the confidence of each corresponding currently active location hypothesis. 

Velocity/Acceleration Calculation Module 

The velocity/acceleration calculation module 1458 computes velocity and/or acceleration estimates for the target MS 140 using currently 
active location hypotheses and previous location hypothesis estimates of the target MS. In one embodiment, for each FOM 1224 having a 
currently active location hypothesis (with positive confidences) and a sufficient number of previous (reasonably recent) target MS location 
hypotheses, a velocity and/or acceleration may be calculated. In an alternative embodiment, such a velocity and/or acceleration may be 
calculated using the currently active location hypotheses and one or more recent "most likely" locations of the target MS output by the location 
engine 139. If the estimated velocity and/or acceleration corresponding to a currently active location hypothesis is reasonable for the region, 
then its confidence value may be incremented; if not, then its confidence may be decremented. The algorithm may be summarized as follows: 
(a) Approximate speed and/or acceleration estimates for currently active target MS location hypotheses may be provided using path 
information related to the currently active location hypotheses and previous target MS location estimates in a manner similar to the 
description of the path comparison module 1454. Accordingly, a single confidence adjustment value may be determined for each 
currently active location hypothesis for indicating the extent to which its corresponding velocity and/or acceleration calculations are 
reasonable for its particular target MS location estimate. This calculation is performed by retrieving information from the area 
characteristics data base 1450 (e.g., Figs. 6 and 7). Since each location hypothesis includes timestamp data indicating when the MS 
location signals were received from the target MS, the velocity and/or acceleration associated with a path for a currently active 
location hypothesis can be straightforwardly approximated. Accordingly, a confidence adjustment value, vel_ok(i), indicating a 
likelihood that the velocity calculated for the i* currently active location hypothesis (having adequate corresponding path 
information) may be appropriate is calculated using for the environmental characteristics of the location hypothesis' target MS 
location estimate. For example, the area characteristics data base 1450 may include expected maximum velocities and/or 
accelerations for each area type and/or cell of a cell mesh of the coverage area 120. Thus, velocities and/or accelerations above such 
maximum values may be indicative of anomalies in the MS location estimating process. Accordingly, in one embodiment, the most 
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recent location hypotheses yielding such extreme velocities and/or accelerations may have their confidence values decreased. For 
example, if the target MS location estimate includes a portion of an interstate highway, then an appropriate velocity might 
correspond to a speed of up to 100 miles per hour, whereas if the target MS location estimate includes only rural dirt roads and 
tomato patches, then a likely speed might be no more than 30 miles per hour with an maximum speed of 60 miles per hour 
5 (assuming favorable environmental characteristics such as weather). Note that a list of such environmental characteristics may 

include suchfactors as: area type, time of day, season. Further note that more unpredictable environmental characteristics such as 
traffic flow patterns, weather (e.g, clear, raining, snowing, etc) may also be included, values for these latter characteristics coming 
from the environmental data base 1354 which receives and maintains information on such unpredictable characteristics (e.g., Figs. 6 
and 7). Also note that a similar confidence adjustment value, accok(i), may be provided for currently active location hypotheses, 
10 wherein the confidence adjustment is related to the appropriateness of the acceleration estimate of the target MS. 



Attribute Comparison Module 

The attribute comparison module 1462 compares attribute values for location hypotheses generated from different FOMs, and determines 
if the confidence of certain of the currently active location hypotheses should be increased due to a similarity in related values for the attribute. 
That is, for an attribute A, an attribute value for A derived from a set S F0M[t] of one or more location hypotheses generated by one FOM, FOM[l], 
is compared with another attribute value for A derived from a set S f0M2 of one or more location hypotheses generated by a different FOM, 
F0M[2] for determining if these attribute values cluster (i.e., are sufficiently close to one another) so that a currently active location hypothesis 
in S F0M[I] and a currently active location hypothesis in S^ should have their confidences increased. For example, the attribute may be a 
"target MS path data" attribute, wherein a value for the attribute is an estimated target MS path derived from location hypotheses generated 
by a fixed FOM over some (recent) time period. Alternatively, the attribute might be, for example, one of a velocity and/or acceleration, 
wherein a value for the attribute is a velocity and/or acceleration derived from location hypotheses generated by a fixed FOM over some 
(recent) time period. 

In a general context, the attribute comparison module 1462 operates according to the following premise: 
(38.1 ) for each of two or more currently active location hypotheses (with, e.g., positive confidences) if: 

(a) each of these currently active location hypotheses, H, was initially generated by a corresponding different FOM H ; 

(b) for a given MS estimate attribute and each such currently active location hypothesis, H, there is a corresponding value for the 
attribute (e.g., the attribute value might be an MS path estimate, or alternatively an MS estimated velocity, or an MS estimated 
acceleration), wherein the attribute value is derived without using a FOM different from FOM H , and; 

(c) the derived attribute values cluster sufficiently well, 

then each of these currently active location hypotheses, H, will have their corresponding confidences increased.. That is, these confidences will be 
increased by a confidence adjustment value or delta. 

Note that the phrase "cluster sufficiently well" above may have a number of technical embodiments, including performing various cluster 
analysis techniques wherein any clusters (according to some statistic) must satisfy a system set threshold for the members of the cluster being 
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close enough to one another. Further, upon determining the (any) location hypotheses satisfying (38.1), there are various techniques that may 
be used in determining a change or delta in confidences to be applied. For example, in one embodiment, an initial default confidence delta that 
may be utilized is: if "cf" denotes the confidence of such a currently active location hypothesis satisfying (38.1), then an increased confidence 
that still remains in the interval [0, 1.0] may be: cf + [(I - cf)/(l + cf )]\ or, cf * [1.0 + cf n ], n.= > 2, or, cf * [a constant having a 
5 system tuned parameter as a factor] . That is, the confidence deltas for these examples are: [(I - d)/(l + cf )f (an additive delta), and, [1.0 
+ cf n ] (a multiplicative delta), and a constant. Additionally, note that it is within the scope of the present invention to also provide such 
confidence deltas (additive deltas or multiplicative deltas) with factors related to the number of such location hypotheses in the cluster. 

Moreover, note that it is an aspect of the present invention to provide an adaptive mechanism (Le., the adaptation engine 1382 shown in 
Figs. 5, 6 and 8) for automatically determining performance enhancing changes in confidence adjustment values such as the confidence deltas 
10 for the present mod ule. That is, such changes are determined by applying an adaptive mechanism, such as a genetic algorithm, to a collection 
of "system parameters" (including parameters specifying confidence adjustment values as well as system parameters of, for example, the 
context adjuster 1326) in order to enhance performance of the present invention. More particularly, such an adaptive mechanism may 
repeatedly perform the following steps: 
(a) modify such system parameters; 

15 (b) consequently activate an instantiation of the location engine 139 (having the modified system parameters) to process, as input, a 

series of MS signal location data that has been archived togetherwith data corresponding to a verified MS location from which signal 
location data was transmitted (e.g., such data as is stored in the location signature data base 1320); and 
(c) then determine if the modifications to the system parameters enhanced location engine 139 performance in comparison to previous 
performances. 

20 Assuming this module adjusts confidences of currently active location hypotheses according to one or more of the attributes: target MS 

path data, target MS velocity, and target MS acceleration, the computation for this module may be summarized in the following steps: 
(a) Determine if any of the currently active location hypotheses satisfy the premise (38.1) for the attribute. Note that in making this 
determination, average distances and average standard deviations forthe paths (velocities and/or accelerations) corresponding to 
currently active location hypotheses may be computed.. 
25 (b) For each currently active location hypothesis (wherein T uniquely identifies the location hypothesis) selected to have its confidence 

increased, a confidence adjustment value, path_similar(i) (alternatively, velocity jimilar(i) and/or acceleration_similar(i) ), is 
computed indicating the extent to which the attribute value matches another attribute value being predicted by another FOM. 
Note that such confidence adjustment values are used later in the calculation of an aggregate confidence adjustment to particular 
currently active location hypotheses. 

30 Analytical Reasoner Controller 

Given one or more currently active location hypotheses for the same target MS input to the analytical reasoner controller 1466, this controller 
activates, for each such input location hypothesis, the other submodules of the analytical reasoner module 1416 (denoted hereinafter as 
"adjustment submodules") with this location hypothesis. Subsequently, the analytical reasoner controller 1466 receives an output confidence 
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adjustment value computed by each adjustment submodule for adjusting the confidence of this location hypothesis. Note that each adjustment 
submodule determines: 

(a) whether the adjustment submodule may appropriately compute a confidence adjustment value for the location hypothesis 
supplied by the controller. (For example, in some cases there may not be a sufficient number of location hypotheses in a time 
series from a fixed FOM); 

(b) if appropriate, then the adjustment submodule computes a non-zero confidence adjustment value that is returned to the 
analytical reasoner controller. 

Subsequently, the controller uses the output from the adjustment submodules to compute an aggregate confidence adjustment for the 
corresponding location hypothesis. In one particular embodiment of the present invention, values for the eight types of confidence adjustment 
values (described in sections above) are output to the present controller for computing an aggregate confidence adjustment value for 
adjusting the confidence of the currently active location hypothesis presently being analyzed by the analytical reasoner module 1416. As an 
example of how such confidence adjustment values may be utilized, assuming a currently active location hypothesis is identified by T, the 
outputs from the above described adjustment submodules may be more fully described as: 

pathjnatch(i) I if there are sufficient previous (and recent) location hypotheses for the same target MS as T that 

have been generated by the same FOM that generated T, and, the target MS location estimates 
provided by the location hypothesis T and the previous location hypotheses follow a known 
transportation pathway. 
0 otherwise. 

if the velocity calculated for the i th currently active location hypothesis (assuming adequate 
corresponding path information) is typical for the area (and the current environmental 
characteristics) of this location hypothesis' target MS location estimate; 
02 if the velocity calculated for the i th currently active location hypothesis is near a maximum for the 
area (and the current environmental characteristics) of this location hypothesis' target MS location 
estimate;. 

0 if the velocity calculated is above the maximum. 

1 if the acceleration calculated for the i* currently active location hypothesis (assuming adequate 
corresponding path information) is typical for the area (and the current environmental 
characteristics) of this location hypothesis' target MS location estimate; 

02 if the acceleration calculated for the i th currently active location hypothesis is near a maximum for the 
area (and the current environmental characteristics) of this location hypothesis 1 target MS location 
estimate;. 

0 if the acceleration calculated is above the maximum. 
simiiarj)ath(i) I if the location hypothesis V satisfies (3 8.1 ) for the target MS path data attribute; 0 otherwise. 

velocity_similar(i) I if the location hypothesis T satisfies (38.1) for the target MS velocity attribute; 0 otherwise. 

98 



vel okfO I 



acc ok(i) 



PCT/US97/15892 

if the location hypothesis T satisfies (38.!) for the target MS acceleration attribute; 0 otherwise, 
if the location hypothesis T is "near" a previously predicted MS location for the target MS; 0 
otherwise. 

Additionally, for each of the above confidence adjustments, there is a corresponding location engine 139 system setabie parameter whose 
value may be determined by repeated activation of the adaptation engine 1 382. Accordingly, for each of the confidence adjustment types, T, 
above, there is a corresponding system setabie parameter, "alphaj", that is tunable by the adaptation engine 1382. Accordingly, the 
following high level program segment illustrates the aggregate confidence adjustment value computed by the Analytical Reasoner Controller. 

targetJIS Joe _hyp$ < - get all currently active location hypotheses, H, identifying the present target ; 

for each currently active location hypothesis, hyp(i), from target J1S Joe hyps do 

{ 

for each of the confidence adjustment submodules, CA, do 

activate CA with hyp(i) as input; 
/* now compute the aggregate confidence adjustment using the output from the confidence adjustment submodules. * / 
aggregate_adjustment(i) <— alpha j)ath_match * pathjnatch(i) 
+ alpha_ve!ocity*vel_ok(i) 
+ alpha jathjimilar* path_similar(i) 
+ alpha jrelocityjimilar * velocity_similar(i) 
+ alpha jKceleration_simi!ar* acceleration jimilar(i) 
+ alpha_extrapolation * extrapolation_chk(i); 
hyp(i).confidence <--hyp(i).confidence + aggregate_adjustment(i); 

} 
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acceleration_similar(i) 
extrapolation_chk(i) 



Historical Location Reasoner 

The historical location reasoner module 1424 may be, for example, a daemon or expert system rule base. The module adjusts the 
confidencesof currently active location hypotheses by using (from location signature data base 1320) historical signal data correlated 
with: (a) verified MS locations (e.g. locations verified when emergency personnel co-locate with a target MS location), and (b) various 
environmental factors to evaluate how consistent the location signature cluster for an input location hypothesis agrees with such 
historical signal data. 

This reasoner will increase/decrease the confidence of a currently active location hypothesis depending on how well its associated 
loc sigs correlate with the loc sigs obtained from data in the location signature data base. 
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Note that the embodiment hereinbelow is but one of many embodiments that may adjust the confidence of currently active 
location hypotheses appropriately. Accordingly, it is important to note other embodiments of the historical location reasoner 
functionality are within the scope of the present invention as one skilled in the art will appreciate upon examining the techniques 
utilized within this specification. For example, calculations of a confidence adjustment factor may be determined using Monte Carlo 
techniques as in the context adjuster 1326. Each such embodiment generates a measurement of at least one of the similarity and the 
discrepancy between the signal characteristics of the verified location signature clusters in the location signature data base and the 
location signature cluster for an input currently active location hypothesis, "locjiyp". 

The embodiment hereinbelow provides one example of the functionality that can be provided by the historical location reasoner 
1424 (either by activating the following programs as a daemon or by transforming various program segments into the consequents of 
expert system rules). The present embodiment generates such a confidence adjustment by the following steps: 

(a) comparing, for each cell in a mesh covering of the most relevant MS location estimate in "iocjyp", the location signature 
cluster of the "locjiyp" with the verified location signature clusters in the cell so that the following are computed: (i) a 
discrepancy or error measurement is determined, and (ii) a corresponding measurement indicating a likelihood or 
confidence of the discrepancy measurement being relatively accurate in comparison to other such error measurements; 

(b) computing an aggregate measurement of both the errors and the confidences determined in (a); and 

(c) using the computed aggregate measurement of (b) to adjust the confidence of "locjiyp". 

The program illustrated in APPENDIX E provides a more detailed embodiment of the steps immediately above. 



Location Extrapolator 

The location extrapolator 1432 works on the following premise: if for a currently active location hypothesis there is sufficient previous related 
information regarding estimates of the target MS (e.g, from the same FOM or from using a "most likely" previous target MS estimate output by 
the location engine 139), then an extrapolation may be performed for predicting future target MS locations that an be compared with new 
location hypotheses provided to the blackboard. Note that interpolation routines (e.g., conventional algorithms such as Lagrange or Newton 
polynomials) may be used to determine an equation that approximates a target MS path corresponding to a currently active location 
hypothesis. 

Subsequently, such an extrapolation equation may be used to compute a future target MS location. For further information regarding 
such interpolation schemes, the following reference is incorporated herein by reference: Mathews, 1992, Numerical methods for mathematics, 
science, and engineering. Englewood Cliffs, NJ: Prentice Hall. 

Accordingly, if a new currently active location hypoth&sis (c.g., supplied by the context adjuster) is received by the blackboard, then the 
target MS location estimate of the new location hypothesis maybe compared with the predicted location. Consequently, a confidence 
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adjustment value can be determined according to h(Jw wei! if the location hypothesis T . That is, this confidence adjustment value will be 
larger as the new MS estimate and the predicted estimate become closer together. 

Note that in one embodiment of the present invention, such predictions are based solely on previous target MS location estimates output 
by location engine 139. Thus, in such an embodiment, substantially every currently active location hypothesis can be provided with a 
5 confidence adjustment value by this module once a sufficient number of previous target MS location estimates have been output. Accordingly, a 
value, extrapolation_chk(i), that represents how accurately the new currently active location hypothesis (identified here by T) matches the 
predicted location is determined. 

Hypothesis Generating Module 

The hypothesis generating module 1428 is used for generating additional location hypotheses according to, for example, MS location 
10 information not adequately utilized or modeled. Note, location hypotheses may also be decomposed here if, for example it is determined that a 
location hypothesis includes an MS area estimate that has subareas with radically different characteristics such as an area that includes an 
uninhabited area and a densely populated area. Additionally, the hypothesis generating module 1428 may generate "poor reception" location 
hypotheses that specify MS location areas of known poor reception that are "near" or intersect currently active location hypotheses. Note, that 
these poor reception location hypotheses may be specially tagged (e.g, with a distinctive FOM JD value or specific tag field) so that regardless 
of substantially any other location hypothesis confidence value overlapping such a poor reception area, such an area will maintain a confidence 
value of "unknown" (i.e., zero). Note that substantially the only exception to this constraint is location hypotheses generated from mobile base 
stations 148. 
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Mobile Base Station Location Subsystem Description 

Mobile Base Station Subsystem Introduction 

Any collection of mobile electronics (denote* mobile location unit) that is able to both estimate a location of a target MS 140 
and communicate with the base station network nray be utilized by the present invention to more accurately locate the target MS. 
Such mobile location units may provide greater target MS location accuracy by f for example, homing in on the target MS and by 
transmitting additional MS location information to the location center 142. There are a number of embodiments for such a mobile 
location unit contemplated by the present invention, for example, in a minimal version, such the electronics of the mobile location 
unit may be little more than an onboard MS 140, a seaired/directional antenna and a controller for communicating between them. 
Thus, the onboard MS is used to communicate with the location center 142 and possibly the target MS 140, while the antenna 
monitors signals for homing in on the target MS 140. In ah enhanced version of the mobile location unit, a GPS receiver may also be 
incorporated so that the location of the mobile location unrt may be determined and consequently an estimate of the location of the 
target MS may also be determined. However, such a mobile location unit is unlikely to be able to determine substantially more than a 
direction of the target MS 140 via the sectored/directional antenna without further base station infrastructure cooperation in, for 
example, determining the transmission power level of the target MS or varying this power level. Thus, if the target MS or the mobile 
location unit leaves the coverage area 120 or resides in a poor communication area, it may be difficult to accurately determine where 
the target MS is located. None-the-less, such mobile location unift may be sufficient for many situations, and in fact the present 
invention contemplates their use. However, in cases where direct communication with the target MS is desired without constant 
contact with the base station infrastructure, the present invention iikludes a mobile location unit that is also a scaled down version of 
a base station 122. Thus, given that such a mobile base station or MBS 148 includes at least an onboard MS 140, a 
sectored/directional antenna, a GPS receiver, a scaled down base station 122 and sufficient components (including a controller) for 
integrating the capabilities of these devices, an enhanced autonomous fkjnobile location system can be provided that can be 
effectively used in, for example, emergency vehicles, Sr?^^Mfets\ Accordingly, the description that follows below describes 
an embodiment of an MBS 148 having the above mentioned components arid capabilities for use in a vehicle. 

As a consequence of the MBS 148 being mobile, there are fundamental differences in the operation of an MBS in 
comparison to other types of BS's 122 (1 52). In particular, other types of base stations have fixed locations that are precisely 
determined and known by the location center, whereas a location of an MBS 148 may be known only approximately and thus may 
require repeated and frequent re-estimating. Secondly, other types of base stations have substantially fixed and stable 
communication with the location center (via possibly other BS's in the case of LBSs IS2) and therefore although these BS's may be 
more reliable in their in their ability to communicate information related to the location of a target MS with the location center, 
accuracy can be problematic in poor reception areas. Thus, MBS's may be used in areas (such as wilderness areas) where there may 
be no other means for reliably and cost effectively locating a target MS 140 (i.e„ there may be insufficient fixed location BS's 
coverage in an area). 
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Fig. 1 1 provides a high level block diagram architecture of one embodiment of the MBS location subsystem 1508. , 
Accordingly, an MBS may include components for communicating with the fixed location BS network infrastructure and the location 
center 142 via an on-board transceiver IS 12 that is effectively an MS 140 integrated into the location subsystem 1508. Thus, if the 
MBS 148 travels through an area having poor infrastructure signal coverage, then the MBS may not be able to communicate reliably 
with the location center 142 (e.g., in rural or mountainous areas having reduced wireless telephony coverage). So it is desirable that 
the MBS 148 must be capable of functioning substantially autonomously from the location center. In one embodiment, this implies 
that each MBS 148 must be capable of estimating both its own location as well as the location of a target MS 140. 

Additionally, many commercial wireless telephony technologies require all BS's in a network to be very accurately time 
synchronized both for transmitting MS voice communication as well as for other services such as MS location. Accordingly, the MBS 
148 will also require such time synchronization. However, since an MBS 148 may not be in constant communication with the fixed 
location BS network (and indeed may be off-line for substantial periods of time), on-board highly accurate timing device may be 
necessary. In one embodiment, such a device may be a commercially available ribidium oscillator IS20 as shown in Fig. 1 1. 

Since the MBS 148 , includes a scaled down version of a BS 122 (denoted 1522 in Fig. 1 1), it is capable of performing most typical 
BS 122 tasks, albeit on a reduced scale. In particular, the base station portion of the MBS 148 can: 

(a) raise/lower its pilot channel signal strength, 

(b) be in a state of soft hand-off with an MS 140, and/or 

(c) be the primary BS 122 for an MS 140, and consequently be in voice communication with the target MS (via the MBS 
operator telephony interface 1524) if the MS supports voice communication. 

Further, the MBS 148 can, if it becomes the primary base station communicating with the MS 140, request the MS to raise/lower its 
power or, more generally, control the communication with the MS (via the base station components 1522). However, since the MBS 
148 will likely have substantially reduced telephony traffic capacity in comparison to a standard infrastructure base station 122, note 
that the pilot channel (or the MBS is preferably a nonstandard pilot channel in that it should not be identified as a conventional 
telephony traffic bearing BS 122 by MS's seeking normal telephony communication. Thus,a target MS 140 requesting to be located 
may, depending on its capabilities, either automatically configure itself to scan for certain predetermined MBS pilot channels, or be 
instructed via the fixed location base station network (equ'ivaiently BS infrastructure) to scan for a certain predetermined MBS pilot 
channel. 

Moreover, the MBS 148 has an additional advantage in that it can substantially increase the reliability of communication with a 
target MS 140 in comparison to the base station infrastructure by being able to move toward or track the target MS 1 40 even if this 
MS is in (or moves into) a reduced infrastructure base station network coverage area. Furthermore, an MBS 148 may preferably use a 
directional or smart antenna 1526 to more accurately locate a direction of signals from a target MS 140. Thus, the sweeping of such a 
smart antenna 1526 (physically or electronically) provides directional information regarding signals received from the target MS 140. 
That is, such directional information is determined by the signal propagation delay of signals from the target MS 140 to the angular 
sectors of one of more directional antennas 1526 on-board the MBS 148. 
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Before proceeding to further details of the MBS location subsystem 1508, an example of the operation of an MBS 148 in the 
context of responding to a 91 1 emergency call is given. In particular, this example describes the high level computational states 
through which the MBS 148 transitions, these states also being illustrated in the state transition diagram of Fig. 12. Note that this 
figure illustrates the primary state transitions between these MBS 148 states, wherein the solid state transitions are indicative of a 
typical "ideal" progression when locating or tracking a target MS 140, and the dashed state transitions are the primary state 
reversions due, for example, to difficulties in locating the target MS 140. 

Accordingly, initially the MBS 148 may be in an inactive state 1700, wherein the MBS location subsystem 1508 is effectively 
available for voice or data communication with the fixed location base station network, but the MS 140 locating capabilities of the 
MBS are not active. From the inactive state 1700 the MBS (e.g., a police or rescue vehicle) may enter an active state 1704 once an 
MBS operator has logged onto the MBS location subsystem of the MBS, such logging being for authentication, verification and 
journaling of MBS 148 events. In the active state 1704, the MBS may be listed by a 91 1 emergency center and/or the location center 
142 as eligible for service in responding to a 91 1 request. From this state, the MBS 148 may transition to a ready state 1708 signifying 
that the MBS is ready for use in locating and/or intercepting a target MS 140. That is, the MBS 148 may transition to the ready state 
1708 by performing the following steps: 

(la) Synchronizing the timing of the location subsystem 1508 with that of the base station network infrastructure. In one 
embodiment, when requesting such time synchronization from the base station infrastructure, the MBS 148 will be at a 
predetermined or well known location so that the MBS time synchronization may adjust for a known amount of signal 
propagation delay in the synchronization signal, 
(lb) Establishing the location of the MBS 148. In one embodiment, this may be accomplished by, for example, an MBS operator 

identifying the predetermined or well known location at which the MBS 148 is located. 
(Ic) Communicating with, for example, the 911 emergency center via the fixed location base station infrastructure to identify 
the MBS 148 as in the ready state. 

Thus, while in the ready state I708\as the MBS 148 moves, it has its location repeatedly (re)-estimated via, for example, 
GPS signals, location center I42| location estimates from the base stations 122 (and 1 52), and an on-board deadreckoning subsystem 
1527 having an MBS location estimator according tV the programs described hereinbelow. However, note that the accuracy of the 
base station time synchronization (via the ribidium oVillator 1520) and the accuracy of the MBS 148 location may need to both be 
periodically recalibrated according to (la) and (lb) ab\ve. 

Assuming a 91 1 signal is transmitted by a target MS 140, this signal is transmitted, via the fixed location base station 
infrastructure, to the 91 1 emergency center and the location center 142, and assuming the MBS 148 is in the ready state 1708, if a 
corresponding 9 1 1 emergency request is transmitted to the MBS (via the base station infrastructure) from the 91 1 emergency center 
orthe location center, then the MBS may transition to a seek state 1712 by performing the following steps: 

(2a) Communicating with, for example, the 91 1 emergency response center via the fixed location base station network to receive 
the PN code forthe target MS to be located (wherein this communication is performed using the MS-like transceiver 1512 
and/or the MBS operator telephony interface 1524). 
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(2b) Obtaining a most recent target MS location estimate from either the 911 emergency center or the location center 142. 
(2c) Inputting by the MBS operator an acknowledgment of the target MS to be located, and transmitting this acknowledgment 
to the 91 1 emergency response center via the transceiver 1512. 

Subsequently, when the MBS 148 is in the seek state 1712, the MBS may commence toward the target MS location estimate 
provided. Note that it is likely that the MBS is not initially in direct signal contact with the target MS. Accordingly, in the seek state 
1712 the following steps may be, for example, performed: 

(3a) The location center 142 or the 91 1 emergency response center may inform the target MS, via the fixed location base station 

network, to lower its threshold for soft hand-off and at least periodically boost its location signal strength. Additionally, 

the target MS may be informed to scan for the pilot channel of the MBS 148. (Note the actions here are not, actions 

performed by the MBS 148 in the "seek state"; however, these actions are given here for clarity and completeness.) 
(3b) Repeatedly, as sufficient new MS location information is available, the location center 142 provides new MS location 

estimates to the MBS 148 via the fixed location base station network. 
(3c) The MBS repeatedly provides the MBS operator with new target MS location estimates provided substantially by the location 

center via the fixed location base station network. 
(3d) The MBS 148 repeatedly attempts to detect a signal from the target MS using the PN code for the target MS. 
(3e) The MBS 148 repeatedly estimates its own location (as in other states as well), and receives MBS location estimates from 

the location center. 



Assuming that the MBS 148 and target MS 140 detect one another (which typically occurs when the two units are within .25 
to 3 miles of one another), the MBS enters a contact state 1716 when the target MS 140 enters a soft hand-off state with the MBS. 
Accordingly, in the contact state 1716, the following steps are, for example, performed: 
(4a) The MBS 148 repeatedly estimates its own location. 

(4b) Repeatedly, the location center 142 provides new target MS 140 and MBS location estimates to the MBS 148 via the fixed 

location base infrastructure network. 
(4c) Since the MBS 148 is at least in soft hand-off with the target MS 140, the MBS can estimate the direction and distance of 

the target MS itself using, for example, detected target MS signal strength and TOA as well as using any recent location 

center target MS location estimates. 
(4d) The MBS 148 repeatedly provides the MBS operator with new target MS location estimates provided using MS location 

estimates provided by the MBS itself and by the location center via the fixed location base station network. 

When the target MS 140 detects that the MBS pilot channel is sufficiently strong, the target MS may switch to using the 
MBS 148 as its primary base station. When this occurs, the MBS enters a control state 1720, wherein the following steps are, for 
example, performed: 
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(5a) The MBS 148 repeatedly estimates its own location. 

(Sb) Repeatedly, the location center 142 provides new target MS and MBS location estimates to the MBS 148 via the network of 
base stations 1 22 (152). 

(5c) The MBS 148 estimates the direction and distance of the target MS 140 itself using, for example, detected target MS signal 
strength and TOA as well as using any recent location center target MS location estimates. 

(Sd) The MBS 148 repeatedly provides the MBS operator with new target MS location estimates provided using MS location 
estimates provided by the MBS itself and by the location center 142 via the fixed location base station network. 

(5e) The MBS 148 becomes the primary base station for the target MS 140 and therefore controls at least the signal strength 
output by the target MS. 

Note, there can be more than one MBS 148 tracking or locating an MS 140. There can also be more than one target MS 140 to be 
tracked concurrently and each target MS being tracked may be stationary or moving.. 

MBS Subsystem Architecture 

An MBS 148 uses MS signal characteristic data for locating the MS 140. The MBS 148 may use such signal characteristic data to 
facilitate determining whether a given signaffrom the MS is a "direct shot" or an multipath signal. That is, in one embodiment, the 
MBS 148 attempts to determine or detect whether an MS signal transmission is received directly, or whether the transmission has been 
reflected or deflected- For example, the MBS may determine whether the expected signal strength, and TOA agree in distance 
estimates for the MS signal transmissions. Note, other signal characteristics may also be used, if there are sufficient electronics and 
processing available to the MBS 148; i.e. f determining signal phase and/or polarity as other indications of receiving a "direct shot" 
from an MS 140. 

In one embodiment, the MBS 148 (Fig. II) includes an MBS controller 1533 for controlling the location capabilities of the MBS 
148. In particular, the MBS controller 1533 initiates and controls the MBS state changes as described in Fig. 12 above. Additionally, 
the MBS controller 1533 also communicates with the location controller I53S, wherein this latter controller controls MBS activities 
related to MBS location and target MS location; e.g., this performs theWogram, "mobile_base_station_controller" described in 
APPENDIX A hereinbelow. The location controller 1535 receives data input from an event generator 1537 for generating event 
records to be provided to the location controller 1535. For example, recbrds may be generated from data input received from: (a) 
the vehicle movement detector 1539 indicating that the MBS 148 has movid at least a predetermined amount and/or has changed 
direction by at least a predetermined angle, or (b) the MBS signal processirig subsystem 1541 indicating that the additional signal 
measurement data has been received from either the location center 142 or the target MS 140. Note that the MBS signal processing 
subsystem 1541, in one embodiment, is similar to the signal processing subsystem 1220 of the location center \Ah may have multiple- 
command schedulers. In particular, a scheduler 1528 for commands related toVommunicating with the location^anter 142, a 
scheduler 1530 for commands related to GPS communication (via GPS receiver 1531), a scheduler 1529 for commands related to the 
frequency and granularity of the reporting of MBS changes in direction and/or position via the MBS dead reckoning subsystem 1527 
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(note that this scheduler is potentially optional and that such command may be provided directly to the deadreckoning estimator 
1544), and a scheduler 1532 for communicating with the target MS(s) 140 being located. Further, it is assumed that there is 
sufficient hardware and/or software *o-appeaf to perform commands in ^jfferent schedulers substantially concurrently. 
In order to display an MBS computed location of a target MS 140, a location of the MBS must be known or determined. 
5 Accordingly, each MBS 148 has a plurality of MBS location estimators (or hereinafter also simply referred to as location estimators) 
for determining the location of the MBS. Each such location estimator computes MBS location information such as MBS location 
estimates, changes to MBS location estimates, or, an MBS location estimator may be an interface for buffering and/or translating a 
previously computed MBS location estimate into an appropriate format. In particular, the MBS location module 1536, which 
determines the location of the MBS, may include the following MBS location estimators 1540 (also denoted baseline location 
10 estimators): 

(a) a GPS location estimator 1540a (not individually shown) for computing an MBS location estimate using GPS signals, 

(b) a location center location estimator 1540b (not individually shown) for buffering and/or translating an MBS estimate 
™ received from the location center 142, 

^ ( c ) an MBS operator location estimator 1540c (not individually shown) for buffering and/or translating manual MBS location 

g 15 entries received from an MBS location operator, and 

(d) in some MBS embodiments, an LBS location estimator I540d (not individually shown) for the activating and deactivating 
SJ of LBS' 5 1 52. Note that, in high multipart areas and/or stationary base station marginal coverage areas, such low cost 

L location base stations 152 (LBS) may be provided whose locations are fixed and accurately predetermined and whose 

^ signals are substantially only receivable within a relatively small range (e.g., 2000 feet), the range potentially being 

;| 20 variable. Thus, by communicating with the LBS's 152 directly, the MBS 148 may be able to quickly use the location 

;5f information relating to the location base stations for determining its location by using signal characteristics obtained 

from the LBSs 152. 

Note that each of the MBS baseline location estimators 1540, such as those above, provide an actual MBS location rather than, for 
example, a change in an MBS location. Further note that it is an aspect of the present invention that additional MBS baseline location 

25 estimators 1540 may be easily integrated into the MBS location subsystem 1508 as such baseline location estimators become 
available. For example, a baseline location estimator that receives MBS location estimates from reflective codes provided, for 
example, on streets or street signs can be straightforwardly incorporated into the MBS location subsystem 1508. 

Additionally, note that a plurality of MBS location technologies and their corresponding MBS location estimators are utilized 
due to the fact that there is currently no single location technology available that is both sufficiently fast, accurate and accessible in 

30 substantially all terrains to meet the location needs of an MBS 148. For example, in many terrains GPS technologies may be 

sufficiently accurate; however, GPS technologies: (a) may require a relatively long time to provide an initial location estimate (e.g., 
greater than 2 minutes); (b) when GPS communication is disturbed, it may require an equally long time to provide a new location 
estimate; (c) clouds, buildings and/or mountains can prevent location estimates from being obtained; (d) in some cases signal 
reflections can substantially skew a location estimate. As another example, an MBS 148 may be able to use triangulation or 
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trilateralization technologies to obtain a location estimate; however, this assumes that there is sufficient (fixed location) 
infrastructure BS coverage in the area the MBS is located. Further, it is well known that the multipath phenomenon can substantially 
distort such location estimates. Thus, for an MBS 148 to be highly effective in varied terrains, an MBS is provided with a plurality of 
location technologies, each supplying an MBS location estimate. 
5 In fact, much of the architecture of the location engine 139 could be incorporated into an MBS 148. For example, in some 

embodiments of the MBS 148, the following FOMs 1224 may have similar location models incorporated into the MBS: 

(a) a variation of the distance FOM 1224 wherein TOA signals from communicating fixed location BS's are received (via 
the MBS transceiver 1512) by the MBS and used for providing a location estimate; 

(b) a variation of the artificial neural net based FOMs 1224 (or more generally a location learning or a classification 

10 model ) m Y be used t0 P^ide MBS location estimates via, for example, learned associations between fixed location 

BS signal characteristics and geographic locations; 

(c) an LBS location FOM 1224 for providing an MBS with the ability to activate and deactivate LBS's to provide (positive) 
MBS location estimates as well as negative MBS location regions (i.e., regions where the MBS is unlikely to be since 
one or more LBS's are not detected by the MBS transceiver); 

15 ( d ) one or mn MBS location reasoning agents and/or a location estimate heuristic agents for resolving MBS location 

estimate conflicts and providing greater MBS location estimate accuracy. Forexample, modules similar to the 
analytical reasoner module 1416 and the historical location reasoner module 1424. 
However, for those MBS location models requiring communication with the base station infrastructure, an alternative 
embodiment is to rely on the location center 142 to perform the computations for at least some of these MBS FOM models. That is, 
since each of the MBS location models mentioned immediately above require communication with the network of fixed location BS's 
122 (152), it may be advantageous to transmit MBS location estimating data to the location center 142 as if the MBS were another MS 
140 for the location center to locate, and thereby rely on the location estimation capabilities at the location center rather than 
duplicate such models in the MBS 148. The advantages of this approach are that: 

(a) an MBS is likely to be able to use less expensive processing power and software than that of the location center; 
25 ( b ) an MBS 15 ,ike| y » squire substantially less memory, particularly for data bases, than that of the location center. 

As will be discussed further below, in one embodiment of the MBS 148, there are confidence values assigned to the locations 
output by the various location estimators 1540. Thus, the confidence fora manual entry of location data by an MBS operator may be 
rated the highest and followed by the confidence for (any) GPS location data, followed by the confidence for (any) location center 
location 142 estimates, followed by the confidence for (any) location estimates using signal characteristic data from LBSs. However, 
30 such prioritization may vary depending on, for instance, the radio coverage area 120. In an one embodiment of the present 
invention, it is an aspect of the present invention that for MBS location data received from the GPS and location center, their 
confidences may vary according to the area in which the MBS 148 resides. That is, if it is known that for a given area, there is a 
reasonable probability that a GPS signal may suffer multipath distortions and that the location center has in the past provided 
reliable location estimates, then the confidences for these two location sources may be reversed. 
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In one embodiment of the present invention, MBS operators may be requested to occasionally manually enter the location of the 
MBS 148 when the MBS is stationary for determining and/or calibrating the accuracy of various MBS location estimators. 

There is an additional important source of location information for the MBS 148 that is incorporated into an MBS vehicle 
(such as a police vehicle) that has no comparable functionality in the network of fixed location BS's. That is, the MBS 148 may use 
deadreckoning information provided by a deadreckoning MBS location estimator 1544 whereby the MBS may obtain MBS 
deadreckoning location change estimates. Accordingly, the deadreckoning MBS location estimator 1544 may use, for example, an on- 
board gyroscope 1550, a wheel rotation measurement device (e.g., odometer) 1554, and optionally an accelerometer (not shown). 
Thus, such a deadreckoning MBS location estimator 1544 periodically provides at least MBS distance and directional data related to 
MBS movements from a most recent MBS location estimate. More precisely, in the absence of any other new MBS location 
information, the deadreckoning MBS location estimator 1544 outputs a series of measurements, wherein each such measurement is an 
estimated change (or delta) in the position of the MBS 148 between a request input timestamp and a closest time prior to the 
timestamp, wherein a previous deadreckoning terminated. Thus, each deadreckoning location change estimate includes the following 
fields: 

(a) an "earliest timestamp" field for designating the start time when the deadreckoning location change estimate 
commences measuring a change in the location of the MBS; 

(b) a "latest timestamp" field for designating the end time when the deadreckoning location change estimate stops 
measuring a change in the location of the MBS; and 

(c) an MBS location change vector. 

That is, the "latest timestamp" is the timestamp input with a request for deadreckoning location data, and the "earliest timestamp" 
is the timestamp of the closest time, T, prior to the latest timestamp, wherein a previous deadreckoning output has its a timestamp 
at a time equal to L 

Further, the frequency of such measurements provided by the deadreckoning subsystem 1527 may be adaptively provided 
depending on the velocity of the MBS 148 and/or the elapsed time since the most recent MBS location update. Accordingly, the 
architecture of at least some embodiments of the MBS location subsystem 1508 must be such that it can utilize such deadreckoning 
information for estimating the location of the MBS 148. 

In one embodiment of the MBS location subsystem 1508 described in further detail hereinbelow, the outputs from the 
deadreckoning MBS location estimator 1544 are used to synchronize MBS location estimates from different MBS baseline location 
estimators. That is, since such a deadreckoning output may be requested for substantially any time from the deadreckoning MBS 
location estimator, such an output can be requested for substantially the same point in time as the occurrence of the signals from 
which a new MBS baseline location estimate is derived. Accordingly, such a deadreckoning output can be used to update other MBS 
location estimates not using the new MBS baseline location estimate. 




It is assumed that the error with dead reckoning increases with deatfrTO&m^ is an aspect of the 

embodiment of the MBS location subsystem 1508 that when incrementally updating the location of the MBS I4B using deadreckoning 
and applying deadreckoning location change estimates to a u mo\ likely area" in which the MBS 148 is believed to be, this area is 
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incrementally enlarged as well as shifted. The enlargement of the area is used to account for the inaccuracy in the deadreckoning 
capability. Note, however, that the deadreckoning ffflS location estimator is periodically reset so that the error accumulation in its 
outputs can be decreased. In particular, such resettin^occurs when there is a high probability that the location of the MBS is known. 
For example, the deadreckoning MBS location estimatorbay be reset when an MBS operator manually enters an MBS location or 
verifies an MBS location, or a computed MBS location has\ufficiently high confidence. 

Thus, due to the MBS 148 having less accurate location information (both about itself and a target MS 140), and further that 
deadreckoning information must be utilized in maintaining MBS location estimates, a first embodiment of the MBS location subsystem 
architecture is somewhat different from the location engine 139 architecture. That is, the architecture of this first embodiment is 
simpler than that of the architecture of the location engine 139. However, it important to note that, at a high level, the architecture 
of the location engine 139 may also be applied for providing a second embodiment of the MBS location subsystem 1508, as one skilled 
in the art will appreciate after reflecting on the architectures and processing provided at an MBS 148. For example, an MBS location 
subsystem 1508 architecture may be provided that has one or more first order models 1224 whose output is supplied to, for example, 
a blackboard or expert system for resolving MBS location estimate conflicts, such an architecture being analogous to one 
embodiment of the location engine 139 architecture. 

Furthermore, it is also an important aspect of the present invention that, at a high level, the MBS location subsystem 
architecture may also be applied as an alternative architecture for the location engine 139. For example, in one embodiment of the 
location engine 139, each of the first order models 1224 may provide its MS location hypothesis outputs to a corresponding "location 
track," analogous to the MBS location tracks described hereinbelow, and subsequently, a most likely MS current location estimate 
may be developed in a "current location track" (also described hereinbelow) using the most recent location estimates in other 
location tracks. 

Further, note that the ideas and methods discussed here relating to MBS location estimators 1540 and MBS location tracks, and, 
the related programs hereinbelow are sufficiently general so that these ideas and methods may be applied in a number of contexts 
related to determining the location of a device capable of movement and wherein the location of the device must be maintained in 
real time. For example, the present ideas and methods may be used by a robot in a very cluttered environment (e.g., a warehouse), 
wherein the robot has access: (a) to a plurality of "robot location estimators" that may provide the robot with sporadic location 
information, and (b) to a deadreckoning location estimator. 

Each MBS 148, additionally, has a location display (denoted the MBS operator visual user interface 1558 in Fig. II) where area 
maps that may be displayed together with location data. In particular, MS location data may be displayed on this display as a nested 
collection of areas, each smaller nested area being the most likely area within (any) encompassing area for locating a target MS 140. 
Note that the MBS controller algorithm below may be adapted to receive location center 142 data for displaying the locations of other 
MBSs 148 as well as target MSs 140. 

Further, the MBS 148 may constrain any location estimates to streets on a street map using the MBS location snap to street 
module 1562. For example, an estimated MBS location not on a street ma\be "snapped to" a nearest street location. Note that a 
nearest street location determiner may use "normal" orientations of vehicles^ streets as a constraint on the nearest street location. 
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Particularly, if an MBS 148 is moving at typical fates of speed and acceleration, and without abrupt changettfrection. for example, 
if the deadreckoning MBS location estimator I544indicates that the MBS 148 is moving in a northerly direction, then the street 
snapped to should be a north-south running streeA Moreover, the MBS location snap to street module 1562 may also be used to 
enhance target MS location estimates when, for examole, it is known or suspected that the target MS 140 is in a vehicle and the 
vehicle is moving at typical rates of speed. Furthermok the snap to street location module 1562 may also be used in enhancing the 
location of a target MS 140 by either the MBS 148 or byVhe location engine 139. In particular, the location estimator 1344 oran 
additional module between the location estimator 1344 aVd the output gateway 1356 may utilize an embodiment of the snap to street 
location module 1562 to enhance the accuracy of target M&l 40 location estimates that are known to be in vehicles. Note that this 
may be especially useful in locating stolen vehicles that haveVmbedded wireless location transceivers (MSs 140), wherein appropriate 
wireless signal measurements can be provided to the location Venter 142. 
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MBS Data Structure Remarks 

Assuming the existence of at least some of the location estimators 1540 that were mentioned above, the discussion here refers 
substantially to the data structures and their organization as illustrated in Fig. 13. 

The location estimates (or hypotheses) for an MBS 148 determining its own location each have an error or range estimate 
associated with the MBS location estimate. That is, each such MBS location estimate includes a "most likely MBS point location" 
within a "most likely area". The "most likely MBS point location" is assumed herein to be the centraid of the "most likely area." In 
one embodiment of the MBS location subsystem 1508, a nested series of "most likely areas" may be provided about a most likely 
MBS point location. However, to simplify the discussion herein each MBS location estimate is assumed to have a single "most likely 
area". One skilled in the art will understand how to provide such nested "most likely areas" from the description herein. 
Additionally, it is assumed that such "most likely areas" are not grossly oblong; i.e., area cross sectioning lines through the centraid 
of the area do not have large differences in their lengths. For example, for any such "most likely area", A, no two such cross 
sectioning lines of A may have lengths that vary by more than a factor of two. 

Each MBS location estimate also has a confidence associated therewith providing a measurement of the perceived accuracy of 
the MBS being in the "most likely area" of the location estimate. 

A (MBS) "location track" is an data structure (or object) having a queue of a predetermined length for maintaining a temporal 
(timestamp) ordering of "location track entries" such as the location track entries 1770a, 1770b, 1774a, 1774b, 1778a, 1778b, 1782a, 
1782b, and 1786a (Fig. 13), wherein each such MBS location track entry is an estimate of the location of the MBS at a particular 
corresponding time. 

There is an MBS location track for storing MBS location entfcs obtained from MBS location estimation information from each of 
the MBS baseline location estimators described above (i.e., a GPS Ration track 1750 for storing MBS location estimations obtained 
from the GPS location estimator 1540, a location center location tradk 1754 for storing MBS location estimations obtained from the 
location estimator 1540 deriving its MBS location estimates from the Ideation center 142, an LBS location track 1758 for storing MBS 
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location estimations obtained from the location estiribtor 1540 deriving its MBS location estimates from base stations 122 and/or 
152, and a manual location track 1762 for MBS operator entered MBS locations). Additionally, there is one further location track, 
denoted the "current location track" 1766 whose locatio\i track entries may be derived from the entries in the other location tracks 
(described further hereinbelow). Further, for each locatioli track, there is a location track head that is the head of the queue for the 
location track. The location track head is the most recent (atid presumably the most accurate) MBS location estimate residing in the 
location track. Thus, for the GPS location track 1750 has location track head 1770; the location center location track 1754 has 
location track head 1774; the LBS location track 1758 has location track head 1778; the manual location track 1762 has location track 
head 1782; and the current location track 1766 has location tracfthead 1786. Additionally, for notational convenience, for each 
location track, the time series of previous MBS location estimationsVe., location track entries) in the location track will herein be 
denoted the "path for the location track." Such paths are typically t\e length of the location track queue containing the path. Note 
that the length of each such queue may be determined using at least t\ following considerations: 

(i) In certain circumstances (described hereinbelow), the location track entries are removed from the head of the 
location track queues so that location adjustments may be made. In such a case, it may be advantageous for the 
length of such queues to be greater than the number of entries that are expected to be removed; 

(ii) In determining an MBS location estimate, it may be desirable in some embodiments to provide new location 
estimates based on paths associated with previous MBS location estimates provided in the corresponding location 
track queue. 

Also note that it is within the scope of the present invention that the location track queue lengths may be a length of one. 
Regarding location track entries, each location track entry includes: 

(a) a "derived location estimate" for the MBS that is derived using at least one of: 

(i) at least a most recent previous output from an MBS baseline location estimator 1540 (i.e., the output being an 
MBS location estimate); 

(ii) deadreckoning output information from the deadreckoning subsystem 1527. 



location estimator of the output. 

(b) an "earliest timestamp" providing the time/date when the earliest MBS location information upon which the derived 
location estimate for the MBS depends. Note this will typically be the timestamp of the earliest MBS location 
estimate (from an MBS baseline location estimator) that supplied MBS location information used in deriving the 
derived location estimate for the MBS 148. 

(c) a "latest timestamp" providing the time/date when the latest MBS location information upon which the derived 
location estimate for the MBS depends. Note that earliest timestamp = latest timestamp only for so called 
"baseline entries" as defined hereinbelow. Further note that this attribute is the one used for maintaining the 
"temporal (timestamp) ordering" of location track entries. 



Further note that each output from an MBS location estimator has a "type" field that is used for identifying the MBS 
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(d) A "deadreckoning distance" indicating the total distance (e.g., wheel turns or odometer difference) since the most 
recently previous baseline entry for the corresponding MBS location estimator for the location track to which the 
location track entry is assigned. 
For each MBS location track, there are two categories of MBS location track entries that may be inserted into a MBS location 
5 track: 

(a) "baseline" entries, wherein each such baseline entry includes (depending on the location track) a location estimate 
for the MBS 148 derived from: (i) a most recent previous output either from a corresponding MBS baseline location 
estimator, or (ii) from the baseline entries of other location tracks (this latter case being the for the "current" 
location track); 

10 ( b ) "extrapolation" entries, wherein each such entry includes an MBS location estimate that has been extrapolated from 

the (most recent) location track head for the location track (i.e., based on the track head whose "latest timestamp" 
immediately precedes the latest timestamp of the extrapolation entry). Each such extrapolation entry is computed 
by using data from a related deadreckoning location change estimate output from the deadreckoning MBS location 
estimator 1544. Each such deadreckoning location change estimate includes measurements related to changes or 

15 deltas in tbe location of the MBS 148. More precisely, for each location track, each extrapolation entry is determined 

using: (i) a baseline entry, and (ii) a set of one or more (i.e„ all later occurring) deadreckoning location change 
estimates in increasing "latest timestamp" order. Note that for notational convenience this set of one or more 
deadreckoning location change estimates will be denoted the "deadreckoning location change estimate set" 
associated with the extrapolation entry resulting from this set. 

20 ( c ) Note that for each location track head, it is either a baseline entry or an extrapolation entry. Further, for each 

extrapolation entry, there is a most recent baseline entry, B, that is earlier than the extrapolation entry and it is this 
B from which the extrapolation entry was extrapolated. This earlier baseline entry, B, is hereinafter denoted the 
"baseline entry associated with the extrapolation entry." More generally, for each location track entry, T, there is a 
most recent previous baseline entry, B, associated with T, wherein if T is an extrapojation entry, then B is as defined 

25 above . els * >f T is a baseline entry itself, then T = B. Accordingly, note that for each extrapolation entry that is the 

head of a location track, there is a most recent baseline entry associated with the extrapolation entry. 
Further, there are two categories of location tracks: 

(a) "baseline location tracks," each having baseline entries exclusively from a single predetermined MBS baseline 
location estimator; and 

30 ( b ) a "current" MBS location track having entries that are computed or determined as "most likely" MBS location 

estimates from entries in the other MBS location tracks. 
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MBS Location Estimating Strategy 

In order to be able to properly compare the track heads to determine the most likely MBS location estimate it is an aspect of the 
present invention that the track heads of all location tracks include MBS location estimates that are for substantially the same 
(latest) timestamp. However, the MBS location information from each MBS baseline location estimator is inherently substantially 
5 unpredictable and unsynchronized. In fact, the only MBS location information that may be considered predicable and controllable is 
the deadreckoning location change estimates from the deadreckoning MBS location estimator 1544 in that these estimates may 
reliably be obtained whenever there is a query from the location controller 1535 for the most recent estimate in the change of the 
location for the MBS 148. Consequently (referring to Fig. 13), synchronization records 1790 (having at least a 1790b portion, and in 
some cases also having a 1790a portion) may be provided for updating each location track with a new MBS location estimate as a new 

10 track head. In particular, each synchronization record includes a deadreckoning location change estimate to be used in updating all 
but at most one of the location track heads with a new MBS location estimate by using a deadreckoning location change estimate in 
conjunction with each MBS location estimate from an MBS baseline location estimator, the location track heads may be synchronized 
according to timestamp. More precisely, for each MBS location estimate, E, from an MBS baseline location estimator, the present 
invention also substantially simultaneously queries the deadreckoning MBS location estimator for a corresponding most recent change 

15 in the location of the MBS 1 48. Accordingly, E and the retrieved MBS deadreckoning location change estimate, C, have substantially 
the same "latest timestamp". Thus, the location estimate E may be used to create a new baseline track head for the location track 
having the corresponding type for E, and C may be used to create a corresponding extrapolation entry as the head of each of the 
other location tracks. Accordingly, since for each MBS location estimate, E, there is a MBS deadreckoning location change estimate, C, 
having substantially the same "latest timestamp", E and C will be hereinafter referred as "paired." 

20 High level descriptions of an embodiment of the location functions performed by an MBS 148 are provided in APPENDIX A 

hereinbelow. 
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APPENDIX A: MBS Function Embodiments 



Mobile Base Station Controller Program 



5 mobile_base_station_controller() 

{ 

wait_for_mpvt_of_first_MBf_fo^ /* "event" is a record (object) with MBS location data */ 
WHILE (no MBS operator input to exit) DO 

CASE OF (event): /* determine the type of "event" and process it. */ 
10 MBS LOCATION DATA RECEIVED FROM GPS: 

MBS LOCATION DATA RECEIVED FROM LBS: 

MBS LOCATION DATA RECEIVED FROM ANY OTHER HIGHLY RELIABLE MBS LOCATION 
SOURCES (EXCEPT LOCATION CENTER): 

i 
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M BS jiew_est < «- get_ new_ MBS_ loca}wn_ using_ estimate(mnt) ; 



/* Note, whenever a new MBS location esttaate is entered as a baseline estimate into the location tracks, the other 

\ A 

location tracks must be immediately updateo with any deadreckoning location change estimates so that all 

location tracks are substantially updated at t\e same time. */ 
deadreckjst < — get_deadreckoning_ location_change_estimate{wm)\ 

MBS_airrj>st < -» DETERMINE_MBSJ_OCATIONJESTIMATE(MBS_new_est, deadreck_est); 
if (MBS_curr_est.confidence > a predetermined high confidence threshold) then 
reset_ deadreckoning^ MBS_ location^ est/mato/{mm) ; 

/* deadreckoning starts over from here. */ 
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/* Send MBS location information to the Location Center. */ 

if ( MBS has not moved since the last MBS location estimate of this type and is not now moving) then 

{ 

configure the MBS on-board transceiver (e.g. ( MBS-MS) to immediately transmit location signals to the fixed 
location BS network as if the MBS were an ordinary location device (MS); 

communicate with the Location Center via the fixed location BS infrastructure the following: 
(a) a "locate me" signal, 
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(b) MBS_curr_est, 

(c) MBS_jiew_estand 

(d) the timestamp for the present event. 

Additionally, any location signal information between the MBS and the present target MS may be 
5 transmitted to the Location Center so that this information may also be used by the Location Center to 

provide better estimates of where the MBS is. Further, if the MBS determines that it is immediately adjacent 
to the target MS and also that its own location estimate is highly reliable (e.g., a GPS estimate), then the 
MBS may also communicate this information to the Location Center so that the Location Center can: (a) 
associate any target MS location signature cluster data with the fixed base station infrastructure with the 
10 location P rovided b y the MBS, and (b) insert this associated data into the location signature data base of the 

Location Center as a verified cluster of "random loc sigs"; 

/* note, this transmission preferably continues (i.e., repeats) for at least a predetermined length of time of 
sufficient length for the Signal Processing Subsystem to collect a sufficient signal characteristic sample size. 



*/ 

15 } 



else SCHEDULE an event (if none scheduled) to transmit to the Location Center the following: (a) MBS_curr_est, and 
(b) the GPS location of the MBS and the time of the GPS location estimate; 

/* Now update MBS display with new MBS location; note, MBS operator must request MBS locations 
on the MBS display; if not requested, then the following call does not do an update. */ 
20 vpdateJ1BS_operator_display_ with ^/!»J>J7l(MBS_curr_est); 

} 

SINCE LAST MBS LOCATION UPDATE 

MBS HAS MOVED A THRESHOLD DISTANCE: { 

25 dead reck est < — get_ deadreckoning_ Iocathn_ change_ estimate(mi\i)\ 

/* Obtain from MBS Dead Reckoning Location Estimator a new dead reckoning MBS location estimate 
having an estimate as to the MBS location change from the location of the last MBS location 
provided to the MBS. */ 

MBS_curr_est <-»- DETERMIN E_M BS_L0CAT10N_ESTIM ATE(N U LL, deadreckjst); 
30 /* this new MBS estimate will be used in new target MS estimates*/ 

update^ NBS_ display_ with_ updated^ MBS_ location{mi_wxj%t)\ 

SCHEDULE an event (if none scheduled) to request new GPS location data for MBS; 
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SCHEDULE an event (if none scheduled) to request communication with Location Center (LC) related to new MBS 
location data; 

SCHEDULE an event (if none scheduled) to request new LBS location communication between the MBS and any LBS's 
that can detect the MBS; 

5 /» Note, in some embodiments the processing of MBS location data from LBS's may be performed 

automatically by the Location Center, wherein the Location Center uses signal characteristic data from 
the LBS's in determining an estimated location of the MBS. */ 
SCHEDULE an event (if none scheduled) to obtain new target MS signal characteristics from MS; /* i.e., may get 
a better target MS location estimate now. */ 

10 } 

TIMER HAS EXPIRED SINCE LAST RELIABLE TARGET MS LOCATION INFORMATION 
OBTAINED: { 

SCHEDULE an event (if none scheduled) to request location communication with the target MS, the event is at a very 
high priority; 

15 RESET timer for target MS location communication; /* Try to get target MS location communication again within a 

predetermined time. Note, timer may dynamically determined according to the perceived velocity of the target 
MS.*/ 

} 

LOCATION COMMUNICATION FROM TARGET MS RECEIVED: { 

20 MS_raw_signal_data < «- getJ1S_$ignaI_ c/7araae/vst/c_faw_data(mt\ty t 

/* Note, "MS_raw_signal_data" is an object having substantially the unfiltered signal characteristic 
values for communications between the MBS and the target MS as well as timestamp information. */ 
Construct a message for sending to the Location Center, wherein the message includes at least 

"MS_raw_signal_data" and "MBS_curr_esf so that the Location Center can also compute an estimated 
25 location for the target MS; 

SCHEDULE an event (if none scheduled) to request communication with Location Center (LC) for sending the 
constructed message; 

/* Note, this data does not overwrite any previous data waiting to be sent to the LC. */ 

30 MS_signal_data < — get_MS_sigmf_ charaaeristic_dat3{^xit)\ 

I* Note, the MS signal data obtained above is, in one embodiment, "raw" signal data. However, in a 
second embodiment, this data is filtered substantially as in the Location Center by the Signal 
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Processing Subsystem. For simplicity of discussion here, it is assumed that each MBS includes at least 
a scaled down version of the Signal Processing Subsystem (see FIG. II).*/ 
MS new est <—- DETERMINE_MS_ MOST_RECENT_ESTIMATE$IIjm\_i% MS curr est, 

MS_signal_data); 

5 /* May use forward and reverse TOA, TDOA, signal power, signal strength, and signal quality 

indicators. Note, "MS_curr_est" includes a timestamp of when the target MS signals were received. 
*/ 

if (MS_new_est.confidence > min_MS_confidence ) then 
{ 

10 mark_ HS_ est_ as_ temporary^ _new_est); 

/* Note, it is assumed that this MS location estimate is "temporary" in the sense that it will be 
replaced by a corresponding MS location estimate received from the Location Center that is based on 
the same target MS raw signal data. That is, if the Location Center responds with a corresponding 
target MS location estimate, E, while "MS_new_est" is a value in a "moving window" of target MS 

15 location estimates (as described hereinbelow), then E will replace the value of "MS_new_est". Note, 

the moving window may dynamically vary in size according to, for example, a perceived velocity of 
the target MS and/or the MBS. */ 
MS_moYing_window < — get_MS_moving_ m'/idow{mi\t); 

/* get moving window of location estimates for this target MS. */ 
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add_ MS__ estimate^ to_ MS_ location_ windowffl S_new_est, MS_movi ng_window); 

/* Since any given single collection of measurements related to locating the target MS may be 
potentially misleading, a "moving window" of location estimates are used to form a "composite 
location estimate" of the target MS. This composite location estimate is based on some number of the 

25 most recent location estimates determined. Such a composite location estimate may be, for example, 

analogous to a moving average or some other weighting of target MS location estimates. Thus, for 
example, for each location estimate (i.e., at least one MS location area, a most likely single location, 
and, a confidence estimate) a centroid type calculation may be performed to provide the composite 
location estimate */ 

30 MS j:urrjsst < ~ £f JEW/^ 

/* DETERMINE new target MS location estimate. Note this may an average location or a weighted 
average location. */ 
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/* REMOVE ANY OTHER EVENTS SCHEDULED FOR REQUESTING LOCATION COMMUNICATION FROM 
TARGET MS */ 

} 



else /* target MS location data received but it is not deemed to be reliable (e.g., too much multipath and/or 
inconsistent measurements, so SCHEDULE an event (if none scheduled) to request new location 
communication with the target MS, the event is at a high priority*/ 



update_ MBS_ operator^ display^ with_ HS_ MS _curr_est); 



/* The MBS display may use various colors to represent nested location areas overlayed on an area map 
wherein, for example, 3 nested areas may be displayed on the map overlay: (a) a largest area having a 



relatively high probability that the target MS is in the area (e.g., > 95%); (b) a smaller nested area having 
a lower probability that the target MS is in this area (e.g., > 80%); and (c) a smallest area having the 
lowest probability that the target MS is in this area (e.g., >70%). Further, a relatively precise specific 
location is provided in the smallest area as the most likely single location of the target MS. Note that in one 
embodiment, the colors for each region may dynamically change to provide an indication as to how high 
their reliability is; e.g., no colored areas shown for reliabilities below, say, 40%; 40-50% is purple; 50-60% 
is blue; 60-70% is green; 70-80% is amber; 80-90% is white; and red denotes the most likely single 
location of the target MS. Further note the three nested areas may collapse into one or two as the MBS gets 
closer to the target MS. Moreover, note that the collapsing of these different areas may provide operators in 
the MBS with additional visual reassurance that the location of the target MS is being determined with better 
accuracy.*/ 

/* Now RESET timer for target MS location communication to try to get target MS 
location communication again within a predetermined time. */ 

/p^/_//^/( << TARGET - MS_SCHEDULE",event.MS_ID); 

} 

COMMUNICATION OF LOCATION DATA TO MBS FROM LOCATION CENTER: { 

/* Note, target MS location data may be received from the Location Center in the seek state, contact state and the 
control state. Such data may be received in response to the MBS sending target MS location signal data to the 
Location Center (as may be the case in the contact and control states), or such data may be received from the 
Location Center regardless of any previously received target MS location sent by the MBS (as may be the case in 
the seek, contact and control states). */ 
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if ( (the timestamp of the latest MBS location data sent to the Location Center) < = (the timestamp 
returned by this Location Center communication identifying the MBS location data used by the Location Center 
for generating the MBS location data of the present event) ) 
then /* use the LC location data since it is more recent than what is currently being used. */ 

5 { 

MBS_new_est < — get_Location^Center_MBS_est(wMt)\ 

dead reddest < «- get_ deadreckoning_ location^ change^ estfmate(mn(); 

MBS _curr_est < — DETERMINE_MBS_LOCATION_ESTIMATE(MBS_new_est, deadreck_est); 
if (MBS_curr_est.confidence > a predetermined high confidence threshold) then 
10 reset_ deadreckoningMBS_location_ estimatof(mi\t); 

update_MBS_opemtoryisplay_with_MBS_estt^^ 

} 

if ( (the timestamp of the latest target MS location data sent to the Location Center) < = (the 
timestamp returned by this Location Center communication identifying the MS location data used by the 
15 Location Center for generating the target MS location estimate of the present event)) 

then /* use the MS location estimate from the LC since it is more recent than what is currently being used. */ 

{ 

. MS _new_est <— get_Locathn_ Ceffier_NS_esi{mnt); 

f* This information includes error ftr reliability estimates that may be used in subsequent attempts to 
MS \ 

determine an MBS loation estimate wton there is no communication with the LC and no exact (GPS) 
location can be obtained- That is, if the reliability of the target MS's location is deemed highly reliable, 
then subsequent less reliable location estimates should be used only to the degree that more highly 




reliable estimates become less relevant due to\g mSs moving to other locations. */ 

A 

MS_moving_window <— get_MS_moving_ m/?dow(mnt); 
25 /* get moving window of location estimates for this target MS. */ 

if ( (the Location Center target MS estimate utilized the MS location signature data supplied by the MBS) then 
if (a corresponding target MS location estimate marked as "temporary" is still in the moving 
window) 

30 then /* It is assumed that this new target MS location data is still timely (note the target MS 

may be moving); so replace the temporary estimate with the Location Center estimate. 
*/ 

replace the temporaty target MS /irar/iwestimate in the moving window with 
"MS_new_est"; 
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else /* there is no corresponding "temporary" target MS location in the moving window; so 
this MS estimate must be too old; so don't use it. */ 
else /* the Location Center did not use the MS location data from the MBS even though the timestamp of 
the latest MS location data sent to the Location Center is older that the MS location data used by 
the Location Center to generate the present target MS location estimate. Use the new MS location 
data anyway. Mote there isn't a corresponding "temporary" target MS location in the moving 
window. */ 

add_MS_estimate_to_MSJocation_ ww^w(MS_new_est); 

} 

else /* the MS location estimate from the LC is not more recent than the latest MS location data sent to the LC from 
the MBS.*/ 

if (a corresponding target MS location estimate marked as "temporary" is still in the moving window) 
then /* It is assumed that this new target MS location data is still timely (note the target MS may be 
moving); so replace the temporary estimate with the Location Center estimate. */ 
replace the temporary target MS to/iwestimate in the moving window with "MS_new_esf ; 
else /* there is no corresponding "temporary" target MS location in the moving window; so this MS 
estimate must be too old; so don't use it. */ 
MS_currjst <_ 0£ff//M^ 
update_MBS_operator_dispIay_with_MS_es1fy& 
reset_ /te/f LC_COHNUMI^TIOH", event.MS_ID); 

} 

NO COMMUNICATION FROM LC; { 

/* i.e., too long a time has elapsed since last communication from LC. */ 
SCHEDULE an event (if none scheduled) to request location data (MBS and/or target MS) from the Location Center, 

the event is at a high priority; 
resets //w/("LC JXJMMUN ICATION", event.MS_ID); 

} 

REQUEST TO NO LONGER CONTINUE LOCATING THE PRESENT TARGET MS: { 

if (event not from operator) then 

request MBS operator verification; 

else { 

REMOVE the current target MS from the list of MSs currently being located and/or tracked; 
SCHEDULE an event (if none scheduled) to send communication to the Location Center that the current target MS 
is no longer being tracked; 
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PURGE MBS of all data related to current target MS except any exact location data for the target MS that has not 
been sent to the Location Center for archival purposes; 

} 

> 

REQUEST FROM LOCATION CENTER TO ADD ANOTHER TARGET MS TO THE LIST OF MSs 
BEING TRACKED: { 

/* assuming the Location Center sends MBS location data for a new target MS to locate and/or track (e.g., at 
least a new MS ID and an initial MS location estimate), add this new target MS to the list of MSs to tract Note 
the MBS will typically be or transitioning to in the seek state.*/ 
if (event not from operator) then 

request MBS operator verification; 

else { 

INITIALIZE MBS with data received from the Location Center related to the estimated location of the new target 
MS; /* e.g., initialize a new moving window for this new target MS; initialize MBS operator interface by 
graphically indicating where the new target MS is estimated to be. */ 

CONFIGURE MBS to respond to any signals received from the new target MS by requesting location data from the 
new target MS; 

INITIALIZE timer for communication from LC; /* A timer may be set per target MS on list. */ 

} 

} 

REQUEST TO MANUALLY ENTER A LOCATION ESTIMATE FOR MBS (FROM AN MBS 
OPERATOR): { 

/* Note, MBS could be moving or stationary. If stationary, then the estimate for the location of the MBS is given 
high reliability and a small range (e.g., 20 feet). If the MBS is moving, then the estimate for the location of the 
MBS is given high reliability but a wider range that may be dependent on the speed of the MBS. In both cases, if 
the MBS operator indicates a low confidence in the estimate, then the range is widened, or the operator can 
manually enter a range */ 

-MS_new_est < «- get_mw_MBSJoation_estJrom_operBtoi{^m\ /* The estimate may be obtained, for 

example, using a light pen on a displayed map */ 
if (operator supplies a confidence indication for the input MBS location estimate) then 

MBS_new_est.confidence <-» get_MBS_operator_confidence_of_enimate(wm)\ 
else MBS_new_est.confidence <— I; /* This is the highest value for a confidence.*/ 
deadreck_est < — get_ deadreckoning^ location_ change_ est/mate{mnt); 
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MBS _curr_est < »- DETERMINE_MBS_LOCATION_ESTIMATE(MBS_new_est, deadreck_est ); 
if (MBS_curr_ est-confide nee > a predetermined high confidence threshold) then 

met_ deadreckoning_ MBSJocation_ €stimato/{mt[t)\ 
update^ MBS_ operator^ display^ wkh_MBS_ *r/(MBS_curr_est); 

5 

/* Note, one reason an MBS operator might provide a manual MBS input is that the MBS might be too inaccurate in 
its location. Moreover, such inaccuracies in the MBS location estimates can cause the target MS to be estimated 
inaccurately, since target MS signal characteristic values may be utilized by the MBS to estimate the location of the 
target MS as an offset from where the MBS is. Thus, if there are target MS estimates in the moving window of 
10 tar 8 et HS location estimates that are relatively close to the location represented by "MBS _curr_est'\ then these 

select few MS location estimates may be updated to reflect a more accurate MBS location estimate. */ 

MS_moving_window < — get_MS_ moving_ wifidoMpwii); 

if (MBS has not moved much since the receipt of some previous target MS location that is still being used to location 
the target MS) 
15 then 

{ 

UPDATE those target MS location estimates in the moving window according to the new MBS location estimate 
here; 

MS_curr_jst <— ££ffiM^ 
20 update_MBS_operator_dispIay_ with_MS_est{mj.\\xxji%t)\ 

} 

} 

} /* end case statement */ 

25 Lower Level MBS Function Descriptions 

/* PROCEDURE: DETERMI N E_M BS_LOCATION_ESTI MATE REMARKS: 

It is assumed that with increasing continuous dead reckoning without additional MBS location verification, the potential 
error in the MBS location increases. 
30 It is assumed that each MBS location estimate includes: (a) a most likely area estimate surrounding a central location and (b) a 

confidence value of the MBS being in the location estimate. 
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The confidence value for each I1BS location estimate is a measurement of the likelihood of the MBS location estimate 
being correct. More precisely, a confidence value for a new MBS location estimate is a measurement that is adjusted according to the 
following criteria: V 

(a) the confidence value increases with the perceived accuracy of the new MBS location estimate (independent of any current 
5 MBS location estimate used by the MBS), 

(b) the confidence value decreases as the location discrepancy with the current MBS location increases, 

(c) the confidence value for the current MBS location increases when the new location estimate is contained in the current 
location estimate, 

(d) the confidence value for the current MBS loc\tion<3^^^ location estimate is not contained in the current 
10 location estimate, and 

Therefore, the confidence value is an MBS location likelihood measurement which takes into 
account the history of previous MBS location estimates. 

It is assumed that with each MBS location estimate supplied by the Location Center there is a default confidence value 
supplied which the MBS may change. 
15 */ 

DETERMINE_MBS_LOCATION_ESTIMATE(MBS_new_est, deadreck_est) 
/* Add the pair, "MBS_new_est" and "deadreck_est" to the location tracks and determine a 
new current MBS location estimate. 

Input: MBS_new_est A new MBS baseline location estimate to use in determining the 
20 location of the MBS, but not a (deadreckoning) location change 

estimate 

deadreck est The deadreckoning location change estimate paired with 
"MBS_new_est". */ 

{ 

25 if (MBS_new_est is not NULL) then /* the "deadreckjist* is paired with "MBS_new_est" */ 

{ 

if (all MBS location tracks are empty) then 
{ 

insert "MBS_new_est" as the head of the location track of type, i 'MBS_new_est.type"; 
30 insert U MBS jiew_est M as the head of the current track; /* so now there is a M NBS_curr est" MBS location 

estimate to use */ 

MBS_curr_est < — ^{_ r ^<L^MBS_new_est.MS JD); /* from current location track */ 

} 
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else /* there is at least one non-empty location track in addition to the current location track being non- 
empty*/ 

{ 

if (MBS_new_est is of type MANUALJNTRY) then 

{ /* MBS operator entered an MBS location estimate for the MBS; so must use 
if/ 

HBS_curr_e$t < — add_location_entry(HBS_new_est, deadreck_est); 

} 

else /* "MBS_new_est" is not of type MANUAL JENTRY */ 

if (the MBS location track of type, "MBS _new_est.type", is empty) then 
{ /* some other location track is non-empty */ 

MBS_curr_est <--- add_location_entry(MBS_new_est, dcadreckest); 

} 

else/* "MBS_new_est*type" location track is non-empty and "MBS_new_est" 

is not of type MANUAL_ENTRY */ 
{ /* In the next statement determine if "MBS_new_est" is of at least 

minimal useful quality in comparison to any previous estimates of the 
same type; see program def n below */ 
continue_tojrocess_new_est <-- FILTER(MBS_new_est); 
if (continue_to_process_new_est) then /* w MBS_new_est" is of sufficient quality to 

continue processing. */ 

{ 

MBS_curr_est < — add_location_entry(MBS_new_est, deadreckest); - 
}/* end "MBS_new_est" not filtered out */ 
else /* M MBSjiew_est" is filtered out; do nothing */; 
}/* end else*/ 

}/* end else at least one non-empty location track •/ 

} 

else /* MBS__new_est is MULL; thus only a deadreckoning output is to be added to location tracks */ 
{ 

extrapolation_ent7 <m " create_an_extrapolation_emry_froni^^xt(ik^t)\ 
/TO/r_//7f0_*K^^ /* including the "current location track" */ 

MBS_curr_est <— ^(_rtf/^eir(MBS_new_est.MS_ID); /* from current location track */ 
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} 

RETURN(MBS_curr_est); 
} END /* DETERMINE_MBS_LOCATION_ESTIMATE •/ 

5 add Jocation_entt7(MBS_new_est, deadreck_est); 

/* This function adds the baseline entry, "MBS_new_est" and its paired deadreckoning location change estimate, "deadreckjst" to 
the location tracks, including the "current location track". Note, however, that this function will roll back and rearrange location 
entries, if necessary, so that the entries are in latest timestamp order. 
Returns: MBS_curr_est */ 

10 { 

if (there is a time series of one or more dead reckoning extrapolation entries in the location track of type "MBS_new_est.type" 

wherein the extrapolation entries have a "latest timestamp" more recent than the timestamp of "MBS_new_est") then 
{ /* Note, this condition may occur in a number of ways; e.g., (a) an MBS location estimate received from the Location 
Center could be delayed long enough (e.g M 1-4 sec) because of transmission and processing time; (b) the estimation 
15 records output from the MBS baseline location estimators are not guaranteed to be always presented to the location 

tracks in the temporal order they are created. */ 
roll back all (any) entries on all location tracks, including the "current" track, in "latest timestamp" descending order, 
until a baseline entry, B, is at the head of a location track wherein B is a most recent entry having a "latest 
timestamp" prior to "MBS_new_est"; let "stack" be the stack of a location track entries rolled off the location 
20 tracks, wherein an entry in the stack is either a baseline location entry and a paired deadreckoning location change 

estimate, or, an unpaired deadreckoning location change estimate associated with a MULL for the baseline location 
entry; 

insert "MBS_new_est" at the head of the location track of type "MBS_new_est.type" as a new baseline entry; 
insert the extrapolation entry derived from "deadreck_est" in each of the other baseline location tracks except 
25 the current track; 

/* It is important to note that "deadreck_est" includes the values for the change in the MBS location substantially for the 
time period between the timestamp, T, of "MS_new_est" and the timestamp of the closest deadreckoning output just 
before T. Further note that if there are any extrapolation entries that were rolled back above, then there /fan 
extrapolation entry, E, previously in the location tracks and wherein E has an earliest timestamp equal to the latest 
30 timestamp of B above. Thus, all the previous extrapolation entries removed can be put back if E is modified as follows: 

the MBS location change vector of E (denoted herein as E.delta) becomes E.deita - [location change vector of 
"deadreckjst"].*/ 
MBS_curr est < — UPDATE_CURR_EST(MBS_new_est,deadreck_est); 
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if (the extrapolation entry E exists) then /* i.e., "stack" is not empty */ 
{ 

modify the extrapolation entry E as per the comment above; 

/* now fix things up by putting all the rolled off location entries back, including 
5 the "current location track" */ 

do until "stack" is empty 
{ 

stackjop <— pop_stact(suck); 

/* "stack_top" is either a baseline location entry and a paired deadreckoning location change 
1° estimate, or, an unpaired deadreckoning location change estimate associated with a NULL for the 

baseline location entry */ 
MBS_nxt_est < — get_ baseline_ fltf/^stackjop); 
deadreck_est < — get__ deadreckoning^ tW/^stackjop); 

MBS currjtst <-» DETERMINE_MBS_LOCATION_ESTIMATE(liBS_nxt est, 
15 deadreck_est); 

} 

else /* there is no deadreckoning extrapolation entries in the location track of type "MBS_new_est.type" wherein the 
20 extrapolation entries have a "latest timestamp" more recent than the timestamp of "MBS_new_est". So just insert 

"MBS_new_est" and "deadreck_est".*/ 

{ 

insert "MBS_new_est" at the head of the location track of type "MB$_new_est.type" as a new baseline entry; 
insert the extrapolation entry derived from "deadreck_est" in each of the other location tracks except the current track; 
25 MBS_curr_est < — UPDATE_CURR_EST(MBS_new_est, deadreckjst); /* see prog def n below */ 

} 

RETURN(MBS_ciirr_est); 
} /* end add_location_entry */ 

30 FILTER(MBS_new_est) 

/* This function determines whether "MBS_new_est" is of sufficient quality to insert into it's 
corresponding MBS location track. It is assumed that the location track of 
"MBS_new_est.type" is non-empty. 
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Input: MBS_new_est A new MBS location estimate to use in determining the 

location of the MBS. 
Returns: FALSE if "MBS_new_est" was processed here (i.e., filtered out), 

TRUE if processing with "MBS_new_est" may be continued . */ 



5 { 



continue_to_process_new_est <»TRUE; /* assume "MBS_newj!st" will be good enough to use as an MBS location estimate */ 
/* see if "MBS_new_est" can be filtered out. */ 

if (the confidence in MBS_new_est < a predetermined function of the confidence(s) of previous MBS location estimates of 
type "MBS_new_est.type") 



w MBS__new_esttype" not filtered; e.g„, for a given window of previous MBS location estimates of this type, K= 
(number of MBS location estimates of "MBS_new_est.type" not filtered)/(the total number of estimates of this 
type in the window). Note, such filtering here may be important for known areas where, for example, GPS signals 
may be potentially reflected from an object (i.e., multipath), or, the Location Center provides an MBS location 
estimate of very low confidence. For simplicity, the embodiment here discards any filtered location estimates. 
However, in an alternative embodiment, any such discarded location estimates may be stored separately so that, 
for example, if no additional better MBS location estimates are received, then the filtered or discarded location 
estimates may be reexamined for possible use in providing a better subsequent MBS location estimate */ 

then continue_to_process_new_est <-- FALSE; 
else if (an area for "MBS_new__est M > a predetermined function of the corresponding area(s) of entries in the location 

track of type "MBS _new_est.type") 



10 



/* e.g., the predetermined function here could be any of a number of functions that provide a minimum threshold on 
what constitutes an acceptable confidence value for continued processing of **MBS_new_esf. The following is an 
example of one such predetermined function: K*(confidence of "MBS_new_est.type" location track head) for 
some K, 0< K< = 1.0, wherein K varies with a relative frequency of estimates of type 



30 



25 



/* e.g., the predetermined function here could be any of a number of functions that provide a maximum threshold 
on what constitutes an acceptable area size for continued processing of "MBS_new_est". The following are 
examples of such predetermined functions: (a) the identity function on the area of the head of the location track 
of type "MBS_new_est.type"; or, (b) K*(the area of the head of the location track of type 
"MBS jiew_est.type"), for some K, K> = 1.0, wherein for a given window of previous MBS location estimates of 
this type, K= (the total number of estimates in the window)/ (number of these location estimates not filtered); 
note, each extrapolation entry increases the area of the head; so areas of entries at the head of each location 
track type grow in area as extrapolation entries are applied. */ 



then continue_to_process_new_est <-- FALSE; 
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RCTURN(continue_to_process_new_est) 
} 

UPDATE_CURR_EST(MBS_new_est, deadreck_est) 
5 /* This function updates the head of the "current" MBS location track whenever 

"MBS_new_est" is perceived as being a more accurate estimate of the location of the 
MBS. 

Input: MBS_new_est A new MBS location estimate to use in determining the location 
of the MBS 
10 deadreck_est The deadreckoning MBS location change estimate paired with 

"MBS_new_est". 
Returns a potentially updated "MBS_curr_est" */ 

{ 

if (MBS_new _est is of type MANUALJNTRY) then 
15 { /* MBS operator entered an MBS location estimate for the MBS; so must use it */ 

insert "MBS_new_est" as the head of the "current MBS location track" which is the location track indicating the best 
current approximation of the location of the MBS; 

} 

else /* M MBS_new_est" is not a manual entry */ 
20 { 

MBS_curr_est <-«^rar/^^HBS_new_est.MS_ID); /* get the head of the "current location track" */ 
adjusted curr est <-» 

./* The above function returns an object of the same type as "MBS curr est", but with the most likely MBS 
point and area locations adjusted by "deadreckjsf. Accordingly, this function performs the following 
25 computations: 

(a) selects, A MBS , the MBS location area estimate of "MBS_curr_est" (e.g., one of the "most likely" 
nested area(s) provided by "MBS_curr_est" in one embodiment of the present invention); 

(b) applies the deadreckoning translation corresponding to "deadreck_est" to A M8S to thereby 
translate it (and expand it to at least account for deadreckoning inaccuracies). */ 

30 if (re*S0//a£^c/o5e(MBS_new_est, adjusted_curr_est, MBS_curr_est)) 

/* In one embodiment, the function u reasonabIy_dose" here determines whether a most likely MBS point 
location (i.e., centroid) of H MBS_new_est" is contained in the MBS estimated area of 
"adjusted_curr_est" 
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Note that the reasoning for this constraint is that if "MBS _curr_est M wa^accurate, then any "most 
likely MBS point location" of a new MBS baseline estimate that is also accurate ought to be in the MBS 
estimated area of "adjusted_curr_est H 

In a second embodiment, the function w reasonably_dose" determines whether the centroid (or most 
5 likely MBS point location) of "MBS_new__est" is close enough to "MBS_curr_est" so that no MBS 

movement constraints are (grossly) violated between the most likely point 
locations of "MBS_new_est" and "MBS_curr_est w ; i.e., constraints on (de)acceleration, 
abruptness of direction change, velocity change, max velocity for the terrain. Note, such constraints are 
discussed in more detail in the section herein describing the "Analytical Reasoner". Accordingly, it is an 
10 aspect of the present invention to provide similar capabilities to that of the Analytical Reasoner as part of the 

MBS, and in particular, as the functionality of the "MBS LOCATION CONSTRAINT CHECKER" illustrated in Fig. 
II. It is assumed hereinafter that the embodiment of the function, "reasonably jilose", performed here is a 
combination of both the first and second embodiments, wherein the constraints of both the first and second 
embodiments must be satisfied for the function to return TRUE. •/ 



15 then 



if (the confidence in MBS_new_est > = the confidence in MBS_curr_est) then 



if (the most likely MBS area of MBSjiewest contains the most likely MBS area of "adjusted_curr_est" as 
computed above) then 

20 shrink MBS_new_est uniformly about its centroid (i.e., "most likely MBS point location") until it is 

as small as possible and still contain the MBS estimated area of "adjusted curr est". 
insertJntoJocation_ tarcAfcurrenf, MBS_new_est); 

/* The program invoked here inserts a location track entry corresponding to the second parameter into the 
location track identified by the first parameter (e.g., "current"). It is important to note that the second 
25 parameter for this program may be either^ the following data structures: a "location track entry", or an 

"MBS location estimate" and the appropriate location track entry or entries will be put on the location 
track corresponding to the first parameter. The insertion is performed so that a "latest timestamp" order 
is maintained; i.e., 

(a) any extrapolation entries in the location track, wherein these entries have a more recent 
30 "latest timestamp" than the ("earliest" or only) timestamp (depending on the data 

structure) of the second parameter are removed, and 
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(b) conceptually at least, the location change estimates output from the deadreckoning MBS 
location estimator that correspond with the removed extrapolation entries are then 
reapplied in timestamp order to the head of the target location track. */ 

} 

5 else /* the centroid of "MBS_new_est", is contained in an area of "MBS _curr_est w t but the confidence in 

"MBS_new_est" < confidence in "MBS_curr_est" */ 

{ 

mostJikely_est <« determine a "most likely MBS location estimate" using the set S = {the MBS 

location estimate centroid(s) of any MBS location track heads contained in the MBS 
*0 estimated area of 44 adjusted_curr_est", plus, the centroid of "MBS_new_est"}; 

/* Note, in the above statement, the "most likely MBS location estimate" may be determined 
using a number of different techniques depending on what function(s) is used to embody the 
meaning of "most likely". In one embodiment, such a "most likely" function is a function of 
the confidence values of a predetermined population of measurements (e.g., the selected 
15 location track heads in this case) from which a "most likely" measurement is determined (e.g. f 

computed or selected). For example, in one embodiment, a "most likely" function may include 
selecting a measurement having the maximum confidence value from among the population of 
measurements. In a second embodiment, a "most likely" function may include a weighting of 
measurements (e.g., location track heads) according to corresponding confidence values of the 
20 measurements. For example, in the present context (of MBS location track heads) the 

following steps provide an embodiment of a "most likely" function: 

(a) determine a centroid of area for each of the selected track heads (i.e., the location 
track heads having a point location estimate contained in the MBS estimated area of 
"adjusted_curr_jst"); 

25 (b) determine the "most likely location MBS pos/tfo/f P as a weighted centroid of the 

centroids from step (a), wherein the weighting of each of the centroids from (a) is 
provided by their corresponding confidence values; 

(c) output an area, A,, as the "most likely MBS location ared\ wherein the centroid of 
A, is P and A, is the largest area within the MBS estimated area of 

30 **adjusted_curr_est" satisfying this condition; and 

(d) set a confidence value for A, as the average confidence value of M MBS_new_est'\ 
"MBS_curr_est" and the selected location track head used. */ 

insertJntoJocation_ fracArfcurrenf, most_likely__est); 

} 
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else/* "MBS_new_est" is not reasonably close to "adjusted_curr_est" (i.e., 

"MBS_curr_est" with "deadi^ck^est" applied to it), so a conflict exists here; e.g., 
(i) "MBS_new_e$t" is not a manual entry, and (ii) "MBS_new_est" does not have its centroid contained in the 
MBS estimated area of u adjusted_curr_est" ( or, there has been a movement constraint violation. Note that it is 
not advisable to just replace w MBS_curr_est" with "new_est_head" because: 

(a) "MBS_new_est" may be the MBS location estimate that is least accurate, while the previous entries 
of the current location track have been accurate; 

(b) the "MBS_curr_est" may be based on a recent MBS operator manual entry which should not be 
overridden. */ 

{ 

MBS_currj!St <~ resolve_conflicts(MBS_new_est,adjusted_curr_est, MBS curr est); 

} 

} /* end else "MBS_new_esf not a manual entry */ 
if (MBS is a vehicle) and (not off road) then 

/* it is assumed that a vehicular MBS is on- road unless explicitly indicated otherwise by MBS operator. */ 
MBS curr est < — snap_to_best_ /^j/Aff/(MBS_curr_est); /* snap to best street location according to location 
estimate, velocity, and/or direction of travel. Note, this is a translation of "MBS curr est". */ 
RETURN(MBS_curr_est) 
> I* END U P D ATE( M B S_CU RR_EST) */ 



resolve_conflicts(MBS_new_est, adjusted_cuir_est, MBS_curr_est) 
/* There is a basic conflict here, 

(i) "MBS^new^est" is not a manual entry, and 

(ii) one of the following is true: "MBS_new_est M does not have its centroid contained 
in the area "adjusted_curr_est", or, using "MBS_new_est" implies an MBS 
movement constraint violation. 

Input: MBS_new_est The newest MBS location estimate record. 

adjusted_curr_est The version^ "MBS curr est" adjusted by the deadreckoning 

location changetotimate paired with "MBS_new est". 
MBS_curr_est The location track ehtty that is the head of the "current" location track. Note 

that"MBS^new_estxo^dence" > "MBS^currjisS^ 
Output: An updated "MBS_curr_est". */ 
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mark that a conflict has arisen between "MBS_curr_est" and w MBS_new_est"; 
if (the MBS operator desires notification of MBS location estimate conflicts) then 

notify the MBS operator of an MBS location estimate conflict; 
if (the MBS operator has configured the MBS location system to ignore new estimates that are not "reasonably 
5 close" to adjusted_curr_est) or 

(MBS curr est is based on a manual MBS operator location estimate, and the MBS has moved less 
than a predetermined distance (wheel turns) from where the manual estimate was provided) then 
RETURN(adjusted_curr_est); 
else /* not required to ignore "MBS_new_est" f and there has been no recent manual 
10 estimate input*/ 

{ /* try to use "MBS_new_est" */ 

if ((MBS_new_est.confidence - adjusted_curr_est.confidence) > a large predetermined 
threshold) then 

f* Note, the confidence discrepancy is great enough so that "MBS_new_est" should be the most recent baseline 
15 estimate on current MBS location track. Note that the threshold here may be approximately 0.3, wherein 

confidences are in the range [0, 1] */ 
//75*/^ /oraf /b^ 

/* insert "MBS jtew_est n into "current" location track (as a baseline entry) in "latest timestamp" order; 
i.e. t remove any extrapolation entries with a more recent "latest timestamp" in this track, and reapply, 
20 in timestamp order, the location change estimates output from the deadreckoning MBS location 

estimator that correspond with the removed extrapolation entries removed; */ 
else A* "MBS_new_est.confidence" is not substantially bigger than 

"adjusted_curr_est.confidence"; so check to see if there are potentially MBS 
location system instabilities */ 
25 { /* check for instabilities */ 

if [ (there has been more than a determined fraction of conflicts between the "MBS_curr_est" and "MBS_new_est" 
within a predetermined number of most recent u MBS_new_est" instantiations) or 
(the path corresponding to the entries of the "current location track" of the MBS has recently violated MBS 
movement constraints more than a predetermined fraction of the number of times there has been new 
30 instantiation of "MBS_curr_est", wherein such movement constraints may be (de)acceleration constraints, 

abrupt change in direction constraints, constraints relating to too high a velocity for a terrain) or 
(there has been an MBS operator indication of lack of confidence in the recently displayed MBS location 
estimates)] 
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then/* the MBS location system is likely unstable and/or inaccurate; check to see if 
this condition has been addressed in the recent past. */ 
{ /* fa instability •/ 

if (fix_instability_counter equal to 0) then/* no instabilities have been addressed here 
5 within the recent past; i.e., "fix_instability_counter" has the following semantics: if it is 0, 

then no instabilities have been addressed here within the recent past; else if not 0, then a recent 
instability has been attempted to be fixed here. Note, "fix Jnstability_counter" is decremented, if 
not zero, each time a new baseline location entry is inserted into its corresponding baseline 
location track. Thus, this counter provides a "wait and see" strategy to determine if a previous 
10 performance of the statements below mitigated the (any) MBS location system instability. */ 

{ 

most_likely_est <-- determine a new "most likely MBS location estimate"; [30.1] 

/* Note, a number of MBS location estimates may be generated and compared here for 
determining the "most Jikely_est". For example, various weighted centroid MBS location 
15 estimates may be determined by a clustering of location track head entries in various ways. 

In a first embodiment for determining a value (object) for "most Jikely_est'\ a "most 
likely" function may be performed, wherein a weighting of location track heads according to 
their corresponding confidence values is performed. For example, the following steps provide an 
embodiment of a "most likely" function: 
20 (a) obtain a set S having: (i) a centroid of area for each of the track heads having a 

corresponding area contained in a determined area surrounding the point 
location of "adjusted_curr_est" (e.g., the MBS estimated area of 
"adjusted_curr_est"), plus (ii) the centroid of "MBS_new_est"; 

(b) determine the "most likely location MBS positfoff P as a weighted centroid of 
25 the centroids of the set S from step (a), wherein the weighting of each of the 

centroids from (a) is provided by their corresponding confidence values; 

(c) output an area, A, as the "most likely MBS location area" wherein A has P as a 
centroid and A is a "small" area (e.g., a convex hull) containing the 
corresponding the centroids of the set S; and 

30 (d) set a confidence value for A as the average confidence value of the 

centroids of the set S. 
In a second embodiment, "most_likely_est" may be determined by expanding (e.g., 
substantially uniformly in all directions) the MBS location estimate area of "MBS new est" 
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until the resulting expanded area contains at least the most likely point location of 
"adjusted _curr_est n as its most likely MBS location area. */ 
insert_into_Iocation_ fracA("current\ most_likely_est); 
fix jnstability_counter < — a predetermined number, C, corresponding to a number of baseline 
entries to be put on the baseline location tracks until MBS location system instabilities are to be 
addressed again here; /* when this counter goes to zero and the MBS location system is unstable, 
then the above statements above will be performed again. Note, this counter must be reset to C (or 
higher) if a manual MBS estimate is entered. */ 

} 

} /* fix instability */ 

else /* The MBS location system has been reasonably stable, and 
"MBS_curr_est.confidence" is not substantially bigger than 
"adjusted_new_est.confidence" . */ 

{ 

most_likely_est <-- determine a most likely MBS location estimate; 
/* The determination in the statement above may be similar or substantially the same as the computation 
discussed in relation to statement [30.1] above. However, since there is both more stability in this case than 
in [30.1] and less confidence in "MBS_new_est", certain MBS movement constraints may be more 
applicable here than in [30.1]. 

Accordingly, note that in any embodiment for determining "most Jikely_est n here, reasonable 
movement constraints may also be used such as: (a) unless indicated otherwise, an MBS vehicle will be 
assumed to be on a road, (b) a new MBS location estimate should not imply that the MBS had to travel 
faster than, for example, 120 mph or change direction too abruptly or change velocity too abruptly or 
traverse a roadless region (e.g., corn field or river) at an inappropriate rate of speed. 

Thus, once a tentative MBS location estimate (e.g., such as in the steps of the first embodiment of 
[30.1]) for "mostJikely_est" has been determined, such constraints may be applied to the tentative 
estimate for determining whether it should be pulled back toward the centroid of the "MBS_curr_est M in 
order to satisfy the movement constraints*/ 
insert JntoJocation_tract^\\\xvttiC\ mostjikelyest); /* note, the second parameter for this 
function may be either of the following data structures: a "location track entry", or a "MBS location 
estimate" and the appropriate location track entry or entries will be put on the location track corresponding 
to the first parameter. */ 
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} /* check for instabilities */ 

MBS_curr_est < — get_ ftf/7^«2l(MBS_new_est.MS_ID); /* from current location track */ 
} /* try to use M MBS_new_est" •/ 
RETURN(MBS_curr_est) 
5 } /* END resolve_conflicts */ 
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APPENDIX B: Pseudo code for a genetic algorithm 

Pseudo code for a genetic algorithm 

Genetic_Algorithm ('decode, *fitness_function, parms) 

I* This program implements a genetic algorithm for determining efficient 

values of parameters for a search problem. The current best values of the parameters are received by the genetic algorithm in a data 
structure such as an array. If no such information is available, then the genetic algorithm receives random guesses of the parameter values. 
This program also receives as input a pointer to a decode function that provides the genetic algorithm with information about how the 
parameters are represented by bit strings (see genetic algorithm references). The program also receives a pointer to a fitness function, 
Trtnessjunctions", that provides the genetic algorithm with information about how the quality of potential solutions should be determined. 
The program computes new, improved values of parameters and replaces the old values in the array "parms." 
*/ 

//assume that each particular application will have a specific fitness function and decoding 

// scheme; otherwise, the procedure is the same every time 

//generate the initial population 

II generate a random population of binary strings containing popsize strings 

fori = I to popsize 

for j = I to string Jength 
string(ij) = random(0,l) 

end loop on j 
end loop on i 

// keep generating new populations until finished 
do until finished 
fori = I to popsize 

// transform the binary strings into parametersfrom the problem at hand; requires problem 
//specific function 
decode (string(i)) 
//evaluate each string 

evaluate (string(i)) 
end loop on t 

//perform reproduction 

reproduce (populatton_of_strings) 
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//perform crossover 

crossover (population_of_strings) 
//perform mutation 
mutate (po pu latio n_of_string$) 
5 // evaluate the new population 
fori = Itopopsize 

//transform the binary strings into parameters 
//from the problem at hand; requires problem 
//specific function 
10 decode (string(l)) 

//evaluate the fitness of each string 
evaluate (string(i,j)) 
3 end loop on i 

if finished then report new results to the calling routine 
:p 15 else go back to tip of do- until loop 

£ a 5 
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APPENDIX C: Location Database Maintenance Programs 

DATA BASE PROGRAMS FOR MAINTAINING THE LOCATION SIGNATURE DATA BASE 

5 In the algorithms below, external parameter values needed are underlined . Note that in one embodiment of the present 

invention* such parameters may be adaptively tuned using, for example, a genetic algorithm. 

EXTERNALLY INVOCABLE PROGRAMS: 

10 Update_Loc_Sig_DB(newJoc_obj\ selection_criteria, loc_sig_pop) 

/* This program updates loc sigs in the Location Signature data base. That is, this program updates, for example, at least 
the location information for verified random loc sigs residing in this data base. Note that the steps herein are also 
provided in flowchart form in Fig. 17a through FIG. I7C. 

15 Introductory Information Related to the Function, "Update Loc Sig PB" 

The general strategy here is to use information (i.e., "new_loc_obj") received from a newly verified location 
(that may not yet be entered into the Location Signature data base) to assist in determining if the previously stored 
random verified loc sigs are still reasonably valid to use for: 
20 (29.1) estimating a location for a given collection (i.e., "bag") of wireless (e.g., COMA) location related signal 

characteristics received from an MS, 
(29.2) training (for example) adaptive location estimators (and location hypothesizing models), and 
(293) comparing with wireless signal characteristics used in generating an MS location hypothesis by one of the MS 
location hypothesizing models (denoted First Order Models, or, FOMs). 
25 More precisely, since it is assumed that it is more likely that the newest location information obtained is more indicative of 

the wireless (CDMA) signal characteristics within some area surrounding a newly verified location than the verified loc sigs 
(location signatures) previously entered into the Location Signature DB, such verified loc sigs are compared for signal 
characteristic consistency with the newly verified location information (object) input here for determining whether some of 
these "older** data base verified loc sigs still appropriately characterize their associated location. 
30 In particular, comparisons are iteratively made here between each (target) loc sig "near" "new Joc_obj" and a 

population of loc sigs in the location signature data base (such population typically including the loc sig for 
"new Joc_obj) for: 
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(29.4) adjusting a confidence factor of the target loc sig. Note that each such confidence factor is in the range [0, 1] 
with 0 being the lowest and I being the highest. Further note that a confidence factor here can be raised as 
well as lowered depending on how well the target loc sig matches or is consistent with the population of loc 
sigs to which it is compared. Thus, the confidence in any particular verified loc sig, LS, can fluctuate with 

5 successive invocations of this program if the input to the successive invocations are with location information 

geographically "near" LS. 

(29.5) remove older verified loc sigs from use whose confidence value is below a predetermined threshold. Note, it is 
intended that such predetermined thresholds be substantially automatically adjustable by periodically testing 
various confidence factor thresholds in a specified geographic area to determine how well the eligible data 

10 base loc s »g 5 ( for different thresholds) perform in agreeing with a number of verified !oc sigs in a "loc sig 

test-bed", wherein the test bed may be composed of, for example, repeatable loc sigs and recent random 
verified loc sigs. 

Note that this program may be invoked with a (verified/known) random and/or repeatable loc sig as input. 
Furthermore, the target loc sigs to be updated may be selected from a particular group of loc sigs such as the random loc 

15 s 'g s or the repeatable loc sigs, such selection being determined according to the input parameter, "selection_criteria" 

while the comparison population may be designated with the input parameter, "Ioc_sig_pop". For example, to update 
confidence factors of certain random loc sigs near "newjocjjbj", "selection_criteria" may be given a value indicating, 
"USE JIANDOM J.OC JIGS", and "loc sig _pop" may be given a value indicating, "USE JtEPEATABLE LOCJIGS". 
Thus, if in a given geographic area, the repeatable loc sigs (from, e.g., stationary transceivers) in the area have recently 

20 been updated, then by successively providing "new Joc__obj" with a loc sig for each of these repeatable loc sigs, the 

stored random loc sigs can have their confidences adjusted. 

Alternatively, in one embodiment of the present invention, the present function may be used for determining 
when it is desirable to update repeatable loc sigs in a particular area (instead of automatically and periodically updating 
such repeatable loc sigs). For example, by adjusting the confidence factors on repeatable loc sigs here provides a method 

25 for determining when repeatable loc sigs for a given area should be updated. That is, for example, when the area's average 

confidence factor for the repeatable loc sigs drops below a given (potentially high) threshold, then the MSs that provide the 
repeatable loc sigs can be requested to respond with new loc sigs for updating the DB. Note, however, that the approach 
presented in this function assumes that the repeatable location information in the DB is maintained with high confidence 
by, for example, frequent OB updating. Thus, the random verified DB location information may be effectively compared 

30 against the repeatable loc sigs in an area. 

INPUT: 

new Joe_ob|: a data representation at least including a loc sig for an associated location about which Location 
Signature loc sigs are to have their confidences updated. 
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selection_criteria: a data representation designating the loc sigs to be selected to have their confidences 
updated (may be defaulted). The following groups of loc sigs may be selected: "USE JANDOM JOC JIGS" (this 
is the default), USE JEPEATABLE JOCJIGS", "USE JLLJOC JIGS". Note that each of these selections has 
values for the following values associated with it (although the values may be defaulted): 
5 (a) a confidence reduction factor for reducing loc sig confidences, 

(b) a big error threshold for determining the errors above which are considered too big to ignore, 

(c) a confidence increase factor for increasing loc sig confidences, 

(d) a small error threshold for determining the errors below which are considered too small (i.e„ good) to 
ignore. 

10 (e) a recent time for specifying a time period for indicating the loc sigs here considered to be "recent". 

loc_sig_pop: a data representation of the type of loc sig population to which the loc sigs to be updated are 
compared. The following values may be provided: 

(a) "USE ALL LOC SIGS IN DB*\ 

(b) "USE ONLY REPEATABLE LOC SIGS" (this is the default), 
15 (c) "USE ONLY LOC SIGS WITH SIMILAR TIME OF DAY" 

However, environmental characteristics such as: weather, traffic, season are also contemplated. */ 
/* Make sure "newJoc_ obj" is in Location DB. */ 

if (MOT new Joc_obj.in_DB ) then /* this location object is not in the Location Signature DB; note this can be determined by 

comparing the location and times/datestamp with DB entries */ 
20 DB_msert new_loc_ jy^£w//7aj(newJocj)bj); // stores loc sigs in Location Signature DB 

/* Determine a geographical area surrounding the location associated with 
"new^loc^obj" for adjusting the confidence factors of loc sigs having associated 
locations in this area. V 

DB_search_areal < — get_ confidence_ad/ust_search_area_for_DB_ random^ loc_ j#i(new Joc_obj.location); 
25 /*get the loc sigs to have their confidence factors adjusted. */ 
DBJocjigs <"-/^/_a/^^/^j/^/&/(DB_search_areal, selectionjriteria); 

nearby Joc_sig Jag < — get loc sigs from "DBJoc Jgs" wherein for each loc sig the distance between the location associated 
wkh "new Joe _obj.location" and the verified location for the loc sig is closer than, for example, some 
standard deviation (such as the second standard deviation) of these distances for all loc sigs in 
30 "DBJocjigs"; 

/* For each "loc sig" having its confidence factor adjusted do */ 
for each loc sig [i] in nearby Joe Jig Jag do // determine a confidence for these random loc sigs 
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{ 

/* Determine a search area surrounding the location associated with u loc 
sig" V 

loc <— get_verifiedJocatio^c_{\g[\\)\ 
5 /* Determine the error corresponding to how well "loc sig" fits with the 

portion of the inputted type of loc sig population that is also in the search 
area. V 

BS get_BS[\oc_s\g[i\); 

mark_as_unaecessabIeQw_}\g[\\)\ /* mark"loc_sig[i]" in the Location Signature DB so that it isn't retrieved. */ 
10 DB_search_area2 < — get_ confidence_adju5t_S€arth_area_for_DBJoc_sig^\^ 

/* Get search area about ** rand Joe". Typically, the "new_loc_obj" would be in this search area */ 
loc_sig_bag < ™ create_ /oc_s/^bag(toc_s\g[\]); /* create a loc sig bag having a single loc sig, "loc_sig[i] n */ 
output_criteria < — get criteria to input to "Determine Jocation_Signature_Fit_Errors" indicating that the function 
should generate error records in the returned "error_rec_bag w only for the single loc sig in 
15 "loc_sigJ>ag". That is, the output criteria is: "OUTPUT ERROR_RECS FOR INPUT LOC SIGS 

ONLY". 

error_rec_bag[i] <--- Determine_Location_Signature_Fit_Errors(loc.location l loc_sig_bag, 

DB_search_area2, loc_sig jop, output_criteria); 
MmarA_maAmg_accessabfe(lQz_s^ /* unmark "loc_sig[i] M in the Location Signature DB so that it can now be 
20 retrieved.*/ 

} 

/* Reduce confidence factors of loc sigs: (a) that are nearby to the location 
associated with "new^loc^obf", (b) that have big errors, and (c) that have not 

been recently updated/acquired. */ 

25 error_recjet <— make_set_umof?_o/{morj[Zt_bzg[\] forall i); 

I* Now modify confidences of loc sigs in DB and delete loc sigs with very low confidences */ 
reduce_bad_DB_loc_sigs(nearbyJoc_sig_bag,error_rec_set, seledion_criteria.big^error_threshold, 

selertion_criteria.confidence_reductionjartor,selection_criteria.recentjime); 

/* Increase confidence factors of loc sigs: (a) that are nearby to the location 
30 associated with "new_ loc_ obj", (b) that have small errors, and (c) that have not 
been recently updated/acquired. */ 

142 




PCT/US97/15892 



increase_confidence_of_good_DB_loc_sigs(nearbyJoc_sig_bag t error_rec_set ? 

se lectio n_c rite ria.sma( l_error_t hresho Id , 

selection_criteria.confidence_increase_factor, 

selertionj:riteria.recent_time); 

5 END OF Update_Loc_SigJ)B 



DB_Loc_Sig_Error_Fit(MS_loc_est, DB_search_area, meastiredJoc_sig_bag f search_criteria) 

/* This function determines how well the collection of loc sigs in "measured Joc_sig_bag" fit with the loc sigs in the 
location signature data base wherein the data base loc sigs must satisfy the criteria of the input parameter "search_criteria" 
10 and are relatively close to the MS location estimate of the location hypothesis, "hypothesis". Thus, in one embodiment of the 

present invention, the present function may be invoked by, for example, the confidence adjuster module to adjust the 
v confidence of a location hypothesis. 

j^C^ Input: hypothesis: MStocation hypothesis; 

* iJL* / measuretMoc\sig_bag: A collection of measured location signatures ("loc sigs" for short) obtained from 

* ly the MS (the datastructure here is an aggregation such as an array or list). Note, it is assumed that there is at 

most one loc sig rare per Base Station in this collection. Additionally, note that the input data structure here 
may be a location signature cluster such as the "loc_sig_cluster" field of a location hypothesis (cf. Fig. 9). 
Note that variations Vi input data structures may be accepted here by utilization of flag or tag bits as one 
skilled in the art will appreciate; 

20 search_criteria: The criteria for searching the verified location signature data base for various categories of 

loc sigs. The only limitation on the types of categories that may be provided here is that, to be useful, each 
category should have meaningful number of loc sigs in the location signature data base. The following 
categories included here are Illustrative, but others are contemplated: 
(a) "USE ALL LOC SIGS M DB" (the default), 
25 (b) "USE ONLY REPEATABK LOC SIGS", 

(c) "USE ONLY LOC SIGS w\h SIMILAR TIME OF DAY". 
Further categories of loc sigs close tb the MS estimate of "hypothesis" contemplated are: all loc sigs for the 
same season and same time of day, aU loc sigs during a specific weather condition (e.g., snowing) and at the 
same time of day, as well as other limitations for other environmental conditions such as traffic patterns. 
30 Note, if this patameter is NIL, then (a) i\ assumed. 

Returns: An error object (data type: "error_object") having: (a) an "error" field with a measurement of the error in the fit 
of the location signatures from the MS with verified location signatures in the Location Signature data base; and 
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(b) a "confidence" field with a value indicating the perceived confidence that is to be given to the "error" value. 
*/ 

if ("search criteria" is NIL) then 
5 search ^criteria < »- "USE ALL LOC SIGS IN DB"; 

/* determine a collection of error records wherein there is an error record for 
each BS that is associated with a loc sig in "measure_ioc_sig_bag" and for each BS 
associated with a he sig in a geographical area surrounding the hypothesis 's 
location. V 
10 output criteria < — "OUTPUT ALL POSSIBLE ERRORRECS"; 

/* The program invoked in the following statement is described in the location signature data base section. */ 
error_rec_bag <-» Determine_Location_Signature_Fit_Errors(MS_loc_est t measured_loc_sig_bag f 

DB_search_area, search criteria, output criteria); 
/* Note, "error_rec_bag" has "error_rec's" for each BS having a loc sig in "DB_search_area" as well as each BS having 
15 a loc sig in M measured_loc_sig_bag". */ 

/* determine which error records to ignore */ 

BS_errors_to _ignore_bag < --- get_BS_ enor_rec$_ to_ ignore (DB_search_area, error__rec_bag ( ); 

/* Our general strategy is that with enough BSs having: (a) loc sigs with the target MS, and (b) also having verified 
locations within an area about the MS location "MS_loc_est", some relatively large errors can be tolerated or ignored. For 
20 example, if the MS location estimate, 4t MS_loc_est", here is indeed an accurate estimate of the MS's location and if an 

area surrounding "MSJocjst" has relatively homogeneous environmental characteristics and the area has an adequate 
number of verified location signature clusters in the location signature data base, then there will be presumably enough 
comparisons between the measured MS loc sigs of "measured_loc_sig_bag" and the estimated loc sigs, based on verified 
MS locations in the DB (as determined in "Determine_Location_Signature_Fit_Errors"), for providing "error rec bag" 
25 with enough small errors that these small errors provide adequate evidence for "MSJocjst" being accurate. 

Accordingly, it is believed that, in most implementations of the present invention, only a 
relatively small number of loc_sig comparisons need have small errors for there to be 
consistency between the loc sigs of "measured Joc_sig_bag" and the verified loc sigs in 
the location signature data base. That is, a few large errors are assumed, in general, to 
30 be less indicative of the MS location hypothesis being incorrect than small errors are 

indicative of accurate MS locations. Thus, if there were ten measured and estimated loc sig pairs, each 
associated with a different BS, then if four pairs have small errors, then that might be enough to have high confidence in 
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the MS location hypothesis. However, note that this determination could depend on the types of base stations; e.g.., if five 
full-service base stations had measured and verified loc sigs that match reasonably well but five location BSs in the search 
area are not detected by the MS (i.e., the measuredjocjig J>ag has no loc sigs for these location BSs), then the 
confidence is lowered by the mismatches. 
5 Thus, for example, the largest x% of the errors in "errorjrec_bag" may be ignored. Note, that "x" may be: (a) 

a system parameter that is tunable using, for example, a genetic algorithm; and (b) M x" may be tuned separately for each 
different set of environmental characteristics that appear most important to accurately accessing discrepancies or errors 
between loc sigs. Thus, for a first set of environmental characteristics corresponding to: rural, flat terrain, summer, 8 PM 
and clear weather, it may be the case that no loc sig errors are ignored. Whereas, for a second set of environmental 
10 characteristics corresponding to: dense urban, hilly, fall, 8 PM, heavy traffic, and snowing, all but the three smallest errors 

may be ignored. */ 

/* determine (and return) error object based on the remaining error records */ 

errorjibj.measmt <«- 0;// initializations 
error_obj.confidence <— 0; 
15 for each error_rec[i] in (error_recJ>ag - BS_errors_to_ignore_bag) do 
{ 

error_obj.measmt < error j>bj.measmt + (errorjrec[i].error); 
error_obj.confidence < — error_obj.confidence + (error_rec[i].confidence); 

} 

20 error_obj.measmt < — errorjjbj.measmt / S IZEOF(error_rec_bag - BS_errors_to_ignore_bag); 

errorj)bj.confidence < ~ error_obj.confidence / SIZEOF(error_rec_bag - BS errors to ignore bag); 

RETURN(error_obj); 

ENDOF DB_Loc_Stg_Error_Fit 

25 INTERNAL PROGRAMS: 

reducej>ad J3BJoc_sigs(loc_sig_bag , errorjrec_set, big_error_threshold 

confidence_reduction_factor, recent_time) 

/* This program reduces the confidence of verified DB loc sigs that are (seemingly) no longer accurate (i.e., in agreement with 
comparable loc sigs in the DB). If the confidence is reduced low enough, then such loc sigs are removed from the DB. Further, if for a 
30 DB verified location entity (referencing a collection of loc sigs for the same location and time), this entity no longer references any 
valid loc sigs, then it is also removed from the location signature data base 1320. .Mote that the steps herein are also provided in 
flowchart form in Figs. 18a through 18b. 
Inputs: 
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Ioc_sig_ bag: The loc sigs to be tested for determining if their confidences should be lowered and/or these loc sigs 
removed, 

error_rec_set: The set of "error_recs" providing information as to how much each loc sig in "loc_sig_bag" 
disagrees with comparable loc sigs in the DB. That is, there is an "error rec" here for each loc siz in 
loc sin bat. 

big error threshold: The error threshold above which the errors are considered too big to ignore, 
confide nce_reduction_f acton The factor by which to reduce the confidence of loc sigs. 
recent_time: Time period beyond which loc sigs are no longer considered recent. 
{ /*get loc sigs from the Location DB having both big absolute and relative errors 

(in comparison to other DB nearby loc sigs) */ 
reIatWely_big_error$_bag < — get "errorjecs" in "error_rec_set" wherein each "error_rec.error" has a size larger than, for 

example, the second standard deviation from the mean (average) of such errors; 
big_errors_bag <--- get "error_recs" in 44 relative ly_big_erro rs_bag" wherein each "error_rec.error M has a value larger than 

"big_error_threshold"; * 
DB Joc_$igs_w_big_errors < — get the loc sigs for "errorjecs" in "big_errors_bag" wherein each loc sig gotten here is 

identified by "error_rec.loc_sig_id"; 
/* get loc sigs from the Location DB that have been recently added or updated */ 
recent_loc_sigs < --- get_recent_/oc_s/^s{\oc_i\g_bzg, recent_time); /* Note, the function, "get_recent_loc_sigs" can have 
various embodiments, including determining the recent location signatures by comparing their time stamps (or other time 
related measurements) with one or more threshold values for classifying location signatures into a "recent" category 
returned here and an a category for "old" or updatable location signatures. Note that these categories can be determined 
by a (tunable) system time threshold parameter(s) for determining a value for the variable, "recent_time'\ and/or, by 
data driving this categorization by, e.g., classifying the location signatures according to a standard deviation, such as 
defining the "recent" category as those location signatures more recent than a second standard deviation of the 
timestamps of the location signatures in "loc_sig_bag". */ 

/* subtract the recent loc sigs from the loc sigs with big errors to get the bad ones 

V 

badJ)B_loc_sigs < — (big__error_DB_loc sigs) - (recent _loc sigs); 

/* lower the confidence of the bad loc sigs */ 

for each loc_sig[i] in bad_DBJoc_$igs do 

loc_sig[i] .confidence <— (loc_sig[i].confidence) * (confide nce_red uctio n_f acto r); 
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/* for each bad loc sig, update it in the DB or remove it from use if its confidence 
is too low */ 

/* Now delete any loc sigs from the DB whose confidences have become too low. */ 
for each loc sig[ij in bad_DBJoc_sigsdo 

if (loc_sig[i].confidence < min loc sig confidence) then 

{ 

REMOVEJROM_USE{\Kj\g\\\); 

/* update composite location objects to reflect a removal of a referenced loc 

sig*/ 

verifiedJoc_entity <— retrieye_compositejocation_entity_havm^ 

/* This gets all other (if any) loc sigs for the composite location object that were verified at the same time as 
"loc_sig[i]". Note, these other loc sigs may not need to be deleted (i.e., their signal characteristics may have a 
high confidence); however, it must be noted in the DB, that for the DB composite location entity having 
"loc sig [i] M , this entity is no longer complete. Thus, this entity may not be useful as, e.g. f neural net training 
data.*/ 

mark "verified Joc_entity M as incomplete but keep track that a loc sig did exist for the BS associated with "ioc_sig[i] w ; 
if ("verified Joc_entity" now references no loc sigs) then REMOVE_FRON_ tff/[verified Joc_entity); 

} 

else DB_ vpdate_e/?tt}{\ozjAg[\\); // with its new confidence 
} ENDOF reduce_bad_DBJoc_sigs 

increase_confidence_of_good_DB_loc_sigs(nearby_loc_sig_bag, error_rec_set, 
smalI_error_threshold, confidence_increase_factor, recent_time); 

/* This program increases the confidence of verified DB loc sigs that are (seemingly) of higher accuracy (i.e., in agreement with 
comparable loc sigs in the DB). Note that the steps herein are also provided in flowchart form in Figs. 19a through 19b. 
Inputs: 

loc_sig_bag: The loc sigs to be tested for determining if their confidences should be increased, 
rrorjrec^set: The set of "errorjrecs" providing information as to how much each loc sig in "loc_sig_bag" 
^agrees with comparable loc sigs in the DB. That \thereisan"error rec" here for each loc si? in 
^ba^ie J>a?" \ 
small_error_threshold: The error threshold below which the errors are considered too small to ignore. 
confidence_increase_factor: The factor by which to increase the confidence of loc sigs. 
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recent_time: Time period beyond which loc sigs are no longer considered recent. 
/*get loc sigs from the Location DB having both small absolute and relative errors 
(in comparison to other DB nearby loc sigs) */ 

relatively_smaH_errors_bag < - get "error_recs" in "error_rec_$et" wherein each "error_rec.error" has a size smaller than, for 
5 example, the second standard deviation from the mean (average) of such errors; 

small_errors_bag < - get "error_recs" in "relatively_small_errors_bag" wherein each "error_rec.error" has a size smaller than 
"smallerrorjhreshold"; 

DB_loc_sigs_w_small_errors <- get the loc sigs for "error_recs" in "small_errors_bag" wherein each loc sig gotten here is 

identified by "error_rec.loc_sig_id"; 
10 /*get loc sigs from the Location DB that have been recently added or updated */ 

recent_loc_sigs <--/(?/_Afff/7/_/^j^j(loc_sig_bag,recent_time); 

/* subtract the recent loc sigs from the loc sigs with small errors to get the good 
ones */ 

goodDBJocsigs < — (small_error_DB_lof_sigs) - (recentjocsigs); 
15 /* for each good loc sig, update its confidence */ 
for each loc_sig[i] in good_DB_loc_sigs do 
{ 

loc_sig[i].confidence <— (k>c_sig[i].confidence) * (confidenceincreasejactor); 
if(loc_sig[i].confidence > 1.0) then loc sigfi] <— 1.0; 

20 } 

ENDOF inerease_good_DB_loc_sigs 

DATA BASE PROGRAMS FOR DETERMINING THE CONSISTENCY OF LOCATION 
HYPOTHESES WITH VERIFIED LOCATION INFORMATION IN THE LOCATION 
25 SIGNATURE DATA BASE 

LOW LEVEL DATA BASE PROGRAMS FOR LOCATION SIGNATURE DATA BASE 

/* The following program compares: (al) loc sigs that are contained in (or derived from) the loc sigs in "target loc sig bag" with 
30 (bl) loc sigs computed from verified loc sigs in the location signature data base. That is, each loc sig from (al) is compared with a 
corresponding loc sig from (bl) to obtain a measurement of the discrepancy between the two loc sigs. In particular, assuming each of 
the loc sigs for "target_loc_sig_bag" correspond to the same target MS location, wherein this location is "targetjoc", this program 
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determines how well the loc sigs in "target Joc_sig Jag" fit with a computed or estimated loc sig for the location, "targetjoc" 
that is derived from the verified loc sigs in the location signature data base. Thus, this program may be used: (a2) for determining 
how well the loc sigs in the location signature cluster for a target MS ("target Joc_sig Jag") compares with loc sigs derived from 
verified location signatures in the location signature data base, and (b2) for determining how consistent a given collection of loc sigs 
("target Joc_sig Jag") from the location signature data base is with other ioc sigs in the location signature data base. Note that in 
(b2) each of the one or more loc sigs in "targetjoc Jg Jag" have an error computed here that can be used in determining if the 
loc sig is becoming inapplicable for predicting target MS locations Note that the steps herein are also provided in flowchart form in 
Figs. 20a through 20d */ 

Determine_Location_Signature_Fit_Errors(target_loc, target Joc_sig_bag, 

search_area, search_criteria, output_criteria) 

/* Input: targetjoc: An MS location or a location hypothesis for a particular MS. Note, this can be any of the 
following: 

(a) An MS location hypothesis, in which case, the loc sigs in "target Joe Jg Jag" 



are included in a location signature cluster from which this location hypothesis was 
derived. Note that if this location is inaccurate, then "targetJoc_sig Jag" is unlikely to 
be similar to the comparable loc sigs derived from the loc sigs of the location signature 
data base close "targetjoc"; or 
(b) A previously verified MS location, in which case, the loc sigs of 

"target Joc_sig Jag" are previously verified loc sigs. However, these loc sigs may or 
may not be accurate now. 



target Joc_sig Jag: Measured location signatures ("loc sigs" for short) obtained from the particular MS 
(the data structure here, bag, is an aggregation such as array or list). The location signatures here may be 
verified or unverified. However, it is assumed that there is at least one loc sig in the 



Held indicating whether the loc sigs here have been individually selected, or, 
whether this parameter references an entire (verified) loc sig cluster; Le., 
the type field may have a value of: "UNVERIFIED LOC SIG CLUSTER" or 
"VERIFIED LOC SIC CLUSTER"; 
searchjirea: The representation of the geographic area surrounding "targetjoc". This parameter is used 
for searching the Location Signature data base for verified loc sigs that correspond geographically to the 
location of an MS in "search_area"; 



25 



bag. Further, it is assumed that there is at most one loc sig per Base 
Station. It is also assumed that the present parameter includes a "type 
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searchcriteria: The criteria used in searching the location signature data base. The criteria may include 
the following: 

(a) "USE ALL LOCSIGS IN DB", 

(b) "USE ONLY REPEATABLE LOC SIGS", 

5 (c) "USE ONLY LOC SIGS WITH SIMILAR TIME OF DAY". 

However, environmental characteristics such as: weather, traffic, season are also contemplated. 
output_criteria: The criteria used in determining the error records to output in "errorjec". The criteria 
here may include one of: 

(a) "OUTPUT ALL POSSIBLE ERROR_RECS"; 
10 (b) "OUTPUT ERROR_RECS FOR INPUT LOC SIGS ONLY". 

Returns: error _rec: A bag of error records or objects providing an indication of the similarity between each loc sig in 
"target Jocjig_bag" and an estimated loc sig computed for "targetjoc" from stored loc sigs in a surrounding 
area of "target Joc M . Thus, each error record/object in "errorjec" provides a measurement of how well a loc sig 
(i.e., wireless signal characteristics) in "targetJoc_sig_bag" (for an associated BS and the MS at "targetjoc") 
15 correlates with an estimated loc sig between this BS and MS. Note that the estimated loc sigs are determined using 

verified location signatures in the Location Signature DB. Note, each error record in "error_rec n includes: (a) a BS 
ID indicating the base station to which the error record corresponds; and (b) an error measurement (> = 0), and 
(c) a confidence value (in [0, 1]) indicating the confidence to be placed in the error measurement. Also note that 
since "error_rec M is an aggregate data type (which for many aggregate identifiers in this specification are denoted by 
20 the suffix "_ ba f on the identifier), it can be any one of a number data types even though it's members are accessed 

hereinbelow using array notation. */ 

/*get BS's associated with DB loc sigs in "search_area" that satisfy 
"search^ criteria' 9 +/ 

DBJoc_sigJ)ag <--- retrieye_verinedJoc_5igs{^?ixd\ji^ search_criteria); 
25 if g et all verified appropriate location signatures residing in the Location Signature data base. 

// Note, some loc sigs may be blocked from being retrieved. 
DB_BS_bag < ~ get_ *Ji(DB Jocjig Jrag); // get all base stations associated with at least one location 

//signature in DB_loc_sig_bag. Note, some of these BSs may be low power "location 

//Ms". 

30 /*get BS's associated with loc sigs in "targetJoc_sig_bag" */ 

target^BS bag < — get_ £Jj(targe t Joc_sig Jrag); // get all base stations associated with at least one 

// location signature in "target_loc__sig_bag". 
/* determine the BS's for which error records are to be computed */ 

ISO 
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case of "output_criteria" including: 

"OUTPUT ALL POSSIBLE ERROR JECS": /* In this case, it is desired to determine a collection or error records wherein there is 
an error record for each BS that is associated with a loc sig in "target_loc_sig_bag" and for each BS associated 
with a loc in the "search_area" satisfying "search_criteria". */ 

BS_bag<— (DB_BS_bag) union (target BS bag); 

"OUTPUT ERROR RECS FOR INPUT LOC SIGS ONLY": 

BSbag <— target BS bag; 

endcase;" 

/•for each BS to have an error record computed, make sure there are two loc sigs 
to compare: one loc sig derived from the "BS_bag" loc sig data, and one from 
derived from the loc sigs in the Location Signature DB, wherein both loc sigs are 
associated with the location, "targetjoc". */ 

for each BS[i] in "BS_bag" do 

{ I* determine two (estimated) loc sigs at "targetjoc", one derived from "targetJoc_sig_bag" (if possible) and one derived 
from Location Signature DB loc sigs (if possible) */ 
comparison_loc_sig_bag[i] <- retrieve_verifiedJoc_sigsJoi{K% search_area, searchcriteria); 

/* get all loc sigs for which BS[i] is associated and wherein the verified MS location is in 
"search_area" (which surrounds the location "targetjoc") and wherein the loc 
20 sigs satisfy "search_eriteria". */ 

/* now determine if there are enough loc sigs in the "comparison Joc_sig_bag" to make 
it worthwhile to try to do a comparison. */ 

if ( (SIZEOF(comparisonJoc_sig_bag[i])/(SIZEOF(search_area)) ) < min_threshold_ratio(area_type(search_area)) ) 
then 

/* it is believed that there is not a dense enough number of verified loc sigs to compute a composite 
loc sig associated with a hypothetical MS at "targetjoc". */ 
error_rec[i].error <— invalid; 
else /* there are enough loc sigs in "com P arison_loc_sig_bag" to continue, and in 
particular, an estimated loc sig can be derived from the loc sigs in 
"comparison_loc_sig_bag"; however, first see if a target loc sig can be 
determined; if so, then make the estimated loc sig (denoted 
"estimated_loc_sig[i]") . */ 

{ 
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if (BS[i] is in target_BS_bag) then 

/* get a loc jig in "target_BS_bag" for BS[i] ; assume at most one loc sig per BS in 
"target Joc_sig_bag" */ 
target Joc_sig[i] <- getJoc_sig$l[i[, target Joc_sig_bag); 
5 else /* BS[i] is not in "target_BS_bag'\ accordingly this implies that we are in the 

process of attempting to output all possible error records for all BS's: (a) 
that have previously been detected in the area of "search_area" (satisfying "search_criteria"), union, 
(b) that are associated with a loc sig in "target Joc_sig Jag". Note, the path here is performed when 
the MS at the location for "targetjoc" did not detect the BS[i], but BS[i] has previously been detected 
10 in this area. */ 

if (target Joc_sig_bag.type = = "UNVERIFIED LOC SIG CLUSTER") then 

/* can at least determine if the MS for the cluster detected the BS[i]; i.e., whether BS[i] 
was in the set of BS's detected by the MS even though no loc sig was obtained for BS[i]. */ 
if (Af_^_(/Wf^target_loc_sig_bag t BS[i]) ) then /* detected but no loc sig */ 
15 error_rec[i].error < - invalid; /* can't determine an error if this is all the information 

we have */ 

else f* BS[i] was not detected by the MS at "target Jodocation", so the pilot channel for BS[i] was 
in the noise; make an artificial loc sig at the noise ceiling (alternatively, e.g., a mean noise 
value) for the MS location at "targetjoc" */ 
20 target Jocsigp] <—get_ noise_ceilingjoc_sig(img<it_\az)-, 

else; /* do nothing; there are no other types for "target Joc_sigJ>ag.type" that are currently used when 
outputting all possible error records for BS's */ 
if (error_rec[i] .error NOT invalid) then 

/* we have a "targetJoc_sig" for comparing, so get the derived loc sig estimate obtained from the 
25 verified loc sigs in the location signature data base. */ 

estimated Joc_sig[i] < - estimate Joc_sig_from_DB(target Jodocation, 

comparison_loc_sig_bag[i]); 
/* The above call function provides an estimated loc sig for the location of "target joc" and BS[i] 
using the verified loc sigs of "comparison loc_sig_bag[i]" */ 

30 } 

/* for each BS whose error record has not been marked "invalid", both 
"targetjoc^sig" and "estimated_loc_sig" are now well-defined; so compute an 
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error record related to the difference between "target^ loc_sig" and 
"estimated_loc_sig". */ 

for each B$[i] in "BS_bag " with error_rec[i] .error not invalid do /* determine the error records for these base stations */ 
{ 

5 /* Hote, the u target_loc_sig" here is for an MS at or near the location for the center of area for "targetjoc". */ 

error_rec[i] < — get_difference_measurement(target_loc_sig[i], estimatedjocsigfl], 

comparison_loc_sig_bag[i], search_area, search_criteria);/* get a measurement of the difference 
between these two loc sigs. */ 
error_recloc_sigjd <— target_loc_sig[i].id; /* this is the loc sig with which this error_rec is associated */ 
1 0 error reccomparisonjoc sig id bag < — comparison_loc_sig_bag[i]; 

> 

RETURN(error_rec); 

ENDOF Determine Location Signature Fit Errors 

15 estimate_loc_sigJrom_DB(loc_for_estimation, loc_sig_bag) 

/* This function uses the verified loc sigs in w !oc_sig_bag" to determine a single estimated (or "typical") loc sig derived from 
the loc sigs in the bag. Note, it is assumed that all loc sigs in the "loc_sig_bag" are associated with the same BS 122 
(denoted the BS associated with the "loc_sig_bag") and that the locations associated with these loc sigs are near 
"locjorestimation". Further, note that since the loc sigs are verified, the associated base station 
20 was the primary base station when the loc sig signal measurements were sampled. Thus, the 

measurements are as precise as the infrastructure allows. Note that the steps herein are also provided in flowchart form in 
Fig. 21. 

Input: loc_for_cstimation A representation of a service area location. 

loc_sig_bag A collection of verified loc sigs, each associated with the same base station and 

each associated with a service area location presumably relatively near to the 
location represented by "loc_for_estimation". */ 
est_loc_sig < — extrapolate/interpolate a location signature for the location at "loc_for_estimation" based on loc sigs in 
"loc_sig_bag"; 

/* Note, "est_loc_sig" includes a location signature and a confidence measure. 

The confidence measure (in the range: [0, 1]) is based on: (a) the number of verified loc sigs in the search area; (b) how 
well they surround the center location of the newjoc, and (c) the confidence factors of the loc sigs in "loc_sig_bag" (e.g.. use 
average confidence value). 
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Note, for the extrapolation/interpolation computation here, there are many such extrapolation/interpolation methods 
ilable as one skilled in the art will appreciate. For example, in one embodiment of an extrapolation/interpolation method, 
following steps are contemplated: 

(39.1) Apply any pre-processing constraints that may alter any subsequently computed "est Joc_sig" values derived 
below). For example, if the BS associated with u ioc_sigJ)ag" is currently inactive "location BS" (i.e., "active" 
meaning the BS is on-line to process location information with an MS, "inactive" meaning the not on-line), then, 
regardless of any values that may be determined hereinbelow, a value or flag is set (for the signal topography 
characteristics) indicating "no signal" with a confidence value of I is provided. Further, additional pre- 
processing may be performed when the BS associated with "loc_sig_bag" is a location BS (LBS) since the 
constraint that a pilot channel from such an LBS is likely to be only detectable within a relatively small distance 
from the BS (e.g., 1000 ft). For example, if the MS location, "loc_for_estimation", does not intersect the 
radius (or area contour) of such a location BS, then, again , a value or flag is set (for the signal topography 
characteristics) indicating "outside of LBS area" with a confidence value of I is provided. Alternatively, if (a) 
a determined area, A, including the MS location, "loc_for_estimation" (which may itself be, and likely is, an 
area), intersects (b) the signal detectable area about the location BS, then (c) the confidence factor value may 
be dependent on the ratio of the area of the intersection to the minimum of the size of the area in which the LBS 
is detectable and the size of the area of "loc_for_estimation", as one skilled in the art will appreciate. 

Further, it is noteworthy that such pre-processing constraints as performed in this step may be 
provided by a constraint processing expert system, wherein system parameters used by such an expert system 
are tuned using the adaptation engine 1382. 
(39 J) Assuming a value of "no signal" or "outside of LBS area" was not set above (since otherwise no further steps 
are performed here), for each of the coordinates (records), C, of the signal topography characteristics in the loc 
sig data structure, generate a smooth surface, S(C), of minimal contour variation for the set of points { (x,y,z) 
such that (x,y) is a representation of a service area location , and z is a value of C at the location (x,y) for some 
loc sig in "loc_sig_bag" wherein (x,y) is a point estimate (likely centroid) of the loc sig}. Note that a least 
squares technique, a partial least squares technique, or averaging on "nearby" (x,y,z) points may be used with 
points from the above set to generate other points on the surface S(C). Additionally, note that for at least some 
surfaces characterizing signal energy, the generation process for such a surface may use the radio signal 
attenuation formulas for urban, suburban, and rural developed by M. Hata in IEEE Trans, VT-29, pgs. 317-325, 
Aug. 1980, "Empirical Formula For Propagation Loss In Land Mobile Radio" (herein incorporated by reference). 
For example, Hata's formulas may be used in: 

(39.2.1) Determining portions of the surfaces S(C) where there is a low density of verified loc sigs in 



"loc_sig_bag". In particular, if there is a very low density of verified loc sigs in "loc_sig_bag" for 
the service area surrounding the location of "loc Jor_estimation", then by determining the area 
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type(s) (e.g., transmission area type as described hereinabove, assuming a .correspondence between 
the transmission area types and the more coarse grained categorization of : urban, suburban, and 
rural) between this location and the base station associated with "loc_sig_bag", and applying Hata's 
corresponding formula(s), a signal value z may be estimated according to these type(s) and their 
corresponding area extents between the MS and the BS. Note, however, that this option is considered 
less optimal to using the verified loc sigs of "loc_sig_bag" for determining the values of a surface 
S(C). Accordingly, a lower confidence value may be assigned the resulting composite loc sig (i.e., 
"est_loc_sig") determined in this manner; and relatedly, 
(39.2.2) Determining a surface coordinate (x 0 ,y 0 ,z 0 ) of S(Q when there are nearby verified loc sigs in 

"loc_$ig_bag". For example, by using Hata's formulas, an estimated surface value z, at the location 
(Wo) may be derived from estimating a value Zj at (xo,y 0 ) by adapting Hata's formula's to 
extrapolate/interpolate the value zj from a nearby location (x;,y;) having a verified loc sig in 
"loc_sig_bag". Thus, one or more estimates z, may be obtained used in deriving z 0 as one skilled in 
statistics will appreciate. Note, this technique may be used when there is a moderately low density of 
verified loc sigs in ^loc sig bag" for the service area surrounding the location of 
"loc_for_estimation". However, since such techniques may be also considered less than optimal to 
using a higher density of verified loc sigs of "loc_sig_bag" for determining the values of a surface S(C) 
via a least squares or partial least square technique, a lower confidence value may be assigned the 
resulting composite loc sig (i.e., "est_loc_sig") determined in this manner. 
Further, recall that the values, z, for each loc sig are obtained from a composite of a plurality of signal 
measurements with an MS, and, that each value z is the most distinct value that stands out above the noise in 
measurements for this coordinate, C. So, for example in the CDMA case, for each of the coordinates C 
representing a finger of signal energy from or to some MS at a verified location, it is believed that S(C) will be a 
smooth surface without undulations that are not intrinsic to the service area near "locjo r_estimation". 
(393) For each of the coordinates, C, of the signal topography characteristics, extrapolate/interpolate a C-coordinate 
value on S(Q for an estimated point location of "locjorestimation". 
Further note that to provide more accurate estimates, it is contemplated that Hata's three geographic categories and 
corresponding formulas may be used in a fuzzy logic framework with adaptive mechanisms such as the adaptation engine 1382 
(for adaptively determining the fuzzy logic classifications). 

Additionally, it is also within the scope of the present invention to use the techniques of L. E. Vogler as presented in "The 
Attenuation of Electromagnetic Waves by Multiple Knife Edge Diffraction", US Dept of Commerce, NTIA nos, 81-86 (herein 
incorporated by reference) in the present context for estimating a loc sig between the base station associated with 
"loc_sig_bag" and the location of "loc_for_estimation". */ 
RETURN(est_loc_sig) 



155 



10 



15 



WO 98/10307 PCT/US97/1S892 
ENDOF estimate_loc_sig_from_DB 

get_area_to_search(loc) 

/* This function determines and returns a representation of a geographic area about a location, "loc", wherein: (a) the geographic 
area has associated MS locations for an acceptable number (i.e., at least a determined minimal number) of verified loc sigs from the 
location signature data base, and (b) the geographical area is not too big. However, if there are not enough loc sigs in even a largest 
acceptable search area about "loc", then this largest search area is returned. Note that the steps herein are also provided in 
flowchart form in Figs. 22a through 22b. */ 
{ 

loc_area_type < - get_am_typf{\w.); /*get the area type surrounding "loc"; note this may be 

a vector of fuzzy values associated with a central location of "loc", or, associated with an area having "loc". 
*/ 

search_arca < - get_ default_area_about(\az); /* this is the largest area that will be used */ 
saved_search_area < - search_area; // may need it after "search_area" has been changed 
search_area_types < - get_area_ o^j(search_area); // e.g., urban, rural, suburban, mountain, etc. 
loop until RETURN performed: 
{ 

min_acceptable_nbrJoc_$igs <-- 0;// initialization 
for each areatype in "search_area_types" do 
20 { 

area_percent <—get_percent_of_area_ol{Mtojiyt, search_area); 

/* get percentage of area having "area type" */ 
min_acceptable_nbr_loc_sigs < — min_acceptable_nbr_loc_sigs + 

[(get_min_acceptable_verifedJoc_sig_density_for(area_type))* 
25 (SIZEOF(search_area) * area_percentt / 100)]; 

} 

I* Now get all verified loc sigs from the location signature data base whose associated MS location is in 

"search_area". */ 
total_nbr_loc_sigs < — get_all_ verified_ DB_ loc_ j/^search_area); 
30 if (min_acceptable_nbr_loc_sigs > totai_nbr_loc_sig$) 

then /* not enough loc sigs in "search_area"; so return "saved_search_area M */ 

RETURN(saved_search_area); 
else /» there is at least enough loc sigs, so see if "search_area" can be decreased •/ 
{ saved_search_area <— search_area; 
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search_area < — decrease_search_am_abouti^K > search_area); 

} 

} 

} 

5 ENDOF get_area_to_search 

I* For processing various types of ioc sigs, particular signal processing filters may be required. Accordingly, in one embodiment of 
the present invention, a "filterjag" object class is provided wherein various filters may be methods of this object (in object-oriented 
terminology) for transforming Ioc sig signal data so that it is comparable with other Ioc sig signal data from, for example, an MS of a 

10 different classification (e.g., different power classification). It is assumed here that such a "filter bag" object includes (or 

references) one or more filter objects that correspond to an input filter (from the Signal Filtering Subsystem 1220) so that, given a 
location signature data object as input to the filter_bag object,, each such filter object can output Ioc sig filtered data corresponding 
to the filter object's filter. Note, such a filter_bag object may accept raw Ioc sig data and invoke a corresponding filter on the data. 
Further, a filter bag object may reference filter objects having a wide range of filtering capabilities. For example, adjustments to Ioc 

15 sig data according to signal strength may be desired for a particular Ioc sig comparison operator so that the operator can properly 
compare MS's of different power classes against one another. Thus, a filter may be provided that utilizes, for each BS, a 
corresponding signal strength change topography map (automatically generated and updated from the verified Ioc sigs in the 
location signature data base 1320) yielding signal strength changes detected by the BS for verified MS location's at various distances 
from the BS, in the radio coverage area. Additionally, there may also be filters on raw signal Ioc sig data such as quality 

20 characteristics so that Ioc sigs having different signal quality characteristics may be compared. */ 

get_difference_measurement(target_loc_sig, estimatedJoc_sig, 

comparison_loc_sig_bag, search_area, search_criteria) 

/* Compare two location signatures between a BS and a particular MS location (either a verified or hypothesized location) for 
25 determining a measure of their difference relative to the variability of the verified location signatures in the 

w comparison_loc_sig_bag" from the location signature data base 1320. Note, it is assumed that "targetjoc^sig", 
"estimated Joc_sig" and the ioc sigs in "comparison Joc_sig_bag" are all associated with the 
same BS 122. Moreover, it is assumed that 4 *target_loc_sig"and "estimated Joc_sig" are well-defined non-NIL Ioc sigs, and 
additionally, that "comparison Joc_sig_bag" is non-NIL This function returns an error record, "errorjec", having an error or 
30 difference value and a confidence value for the error value. Note, the signal characteristics of "targetJoc_sig" and those of 
"estimated Joc_sig" are not assumed to be normalized as described in section (26.1) prior to entering this function so that 
variations in signal characteristics resulting from variations in (for example) MS signal processing and generating characteristics of 
different types of MS's may be reduced, as described in the discussion of the Ioc sig data type hereinabove. It is further assumed 
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that typically the input loc sigs satisfy the "search_criteria". Note that the steps herein are also provided in flowchart form in Figs. 
23a through 23c. 

targetJoc_sig: The loc sig to which the u error_rec" determined here is to be associated. Note that this loc sig is 
associated with a location denoted hereinbelow as the "particular location". 



estimated Joc_sig: The loc sig to compare with the "targetjocjig", this loc sig: (a) being for the same MS location as 
"target loc sig", and (b) derived from verified loc sigs in the location signature data base whenever 
possible. However, note that if this loc sig is not derived from the signal characteristics of loc sigs in 
the location signature data base, then this parameter provides a loc sig that corresponds to a noise 
1° level at the particular MS location. 

comparison Joc_sig_bag: The universe of loc sigs to use in determining an error measurement between 

"target_loc_sig" and "estimated Joc_sig" . Note, the loc sigs in this aggregation include all 
loc sigs for the associated Base Station 122 that are in the "search _area" (which surrounds the 
particular MS location for "target Joc_sig") and satisfy the constraints of "search_criteria'\ 
15 It is assumed that there are sufficient loc sigs in this aggregation to perform at least a 

minimally effective variability measurement in the loc sigs here. 
search_area: A representation of the geographical area surrounding the particular MS location for all input loc sigs. This 

input is used for determining extra information about the search area in problematic circumstances. 
search_criteria: The criteria used in searching the location signature data base 1320. The criteria may include the 
20 following: 

(a) "USE ALL LOC SIGS IN DB*\ 

(b) "USE ONLY REPEATABLE LOC SIGS", 

(c) "USE ONLY LOC SIGS WITH SIMILAR TIME OF DAY 

However, environmental characteristics such as: weather, traffic, season are also contemplated. */ 



error <~ 0;// initialization 

/*get identifiers for the fitters to be used on the input loc sigs */ 

filterjwg < — get_fffter_o6/eas_foryffferv^ estimated_loc_sig, comparison Joc_sig_bag); 

/* It is assumed here that each entry in "filter_bag" identifies an input filter to be used in the context of determining a 
30 difference measurement between loc sigs. Note, if all loc sigs to be used here are of the same type, then it may be that there is no 

need for filtering here. Accordingly, "filterjag" can be empty. Alternatively, there may be one or more filter objects in 
"filter_bag"*/ 



158 



WO 98/10307 PCT/US97/15892 

/* initializations */ 

/* for each filter, determine a difference measurement and confidence */ 

for each filter obj indicated in filter_bagdo 

5 { 

/* filter "target Joc^sig", "estimated Joc^sig" and loc sigs in "comparison_loc_sig_bag"; 
note, each filter_obj can determine when it needs to be applied since each loc sig includes; 
(a) a description of the type (e.g., make and model) of the loc sig's associated MS, and (b) a 
lilter flag(s) indicating filter(s) that have been applied to the loc sig. */ 
10 target_loc_sig < — fi Ite r o bj (ta rget loc s i g) ; /* filter at least the signal topography characteristics */ 

estimated Joc_jig < — filter_obj(estimated Joc_sig); /* filter at least the signal topography characteristics */ 
comparisonjocjig_bag<~- filter_obj(comparison_loc_sig_bag); /» filter loc sigs here too */ 

} 

is /* determine a difference measurement and confidence for each signal topography 
characteristic coordinate */ 

for each signal topography characteristic coordinate, C, of the loc sig data type do 
{ 

variability_measmt.val < «- get_ variability_range(Z, comparison Joc sig bag); 
20 /* This function provides a range of the variability of the C-coordinate. In one embodiment this measurement is a 

range corresponding to a standard deviation. However, other variability measurement definitions are contemplated 
such as second, third or fourth standard deviations, */ 
/* make sure there are enough variability measurements to determine the 
variability of values for this coordinate. */ 
25 if (SIZEOf(comparison_loc_sig_bag) < ejcpected_BS^oc_s/i_tAmAo/d[imchjim y search_criteria)) 

then /* use the data here, but reduce the confidence in the variability measurement. Note that it is expected 
that this branch is performed only when "comparison_locjig_bag" is minimally big enough to use (since this 
is an assumption for performing this function), but not of sufficient size to have full confidence in the values 
obtained. Note, a tunable system parameter may also be incorporated as a coefficient in the computation in the 
30 statement immediately below. In particular, such a tunable system parameter may be based on "search_area" 

or more particularly, area types intersecting "search_area" */ 
{ 
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variability jneasmtconfreductionjactor < SIZEOF(compariion Joc_sig_bag)/ 

expected_ BS_ loc_sig_ /A/pjMflf»arch_area, searchcriteria); 

} 

else /* There is a sufficient number of loc sigs in "comparison_ioc_sig_bag" so continue */ 
5 { 

variability jneasmtj:onf_redu«ion_factor <— 1.0; //i.e., don't reduce confidence 

} 

/* Now determine the C-coord difference measurement between the 
"target_loc_sig" and the "estimated_loc_sig" */ 

10 delta < - /£J(targetJoc_sig[q - estimated_loc_sig[q); // get absolute value of the difference 

if (delta > variability measmt.val) then 

{ 

error < — error + (delta/variability_measmt.val); 

} 

15 }/* end C-coord processing */ 

/* construct the error record and return it */ 
error_rec.error <--- error; 

/* Get an average confidence value for the loc sigs in "comparisonjoc_sig_bag" Note, we use 
this as the confidence of each loc sig coordinate below. */ 

20 averageconfidence < — /*KWfif(loc_sig.confidence for loc_sig in "comparisonlocsigbag"); 

error_rec.confidence <— MIN(target Joe jigxonfidence, estimated Jocsigxonfidence, (average confidence * 

variability_measmt_conf_reduction_factor)); //presently not used 

RETURN (error_rec); 

ENDOF getdifferencemeasurement 
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APPENDIX D: Context Adjuster Embodiments 

A description of the high level functions in a first embodiment of the Context Adjuster 
contextadjuster(lochypjist) 

I* This function adjusts the location hypotheses on the list, "locjypjist", so that the confidences of the location hypotheses are 
determined more by empirical data than default values from the First Order Models 1224. That is, for each input location hypothesis, 
its confidence (and an MS location area estimate) may be exclusively determined here if there are enough verified location signatures 
available within and/or surrounding the location hypothesis estimate. 

This function creates a new list of location hypotheses from the input list, "locjypjist", wherein the location hypotheses on 
the new list are modified versions of those on the inplt list. For each location hypothesis on the input list, one or more corresponding 
location hypotheses will be on the output list. Such corresponding output location hypotheses will differ from their associated input 
location hypothesis by one or more of the following: (a\ the "image_area" field (see Fig. 9) may be assigned an area indicative of 
where the target MS is estimated to be, (b) if "image Aa" is assigned, then the "confidence" field will be the confidence that the 
target MS is located in the area for "image_area", (c) if Lre are not sufficient "nearby" verified location signature clusters in the 
location signature data base to entirely rely on a computeAconfidence using such verified location signature clusters, then two 
location hypotheses (having reduced confidences) will be relrned, one having a reduced computed confidence (for "image_area H ) 
using the verified clusters in the Location Signature DB, and L being substantially the same as the associated input location 
hypothesis except that the confidence (for the field "area_esffl is reduced to reflect the confidence in its paired location hypothesis 
having a computed confidence for "image_area". Note also, irLme cases, the location hypotheses on the input list, may have no 
change to its confidence or the area to which the confidence apples. Note that the steps herein are also provided in flowchart form in 
Figs. 25a a^d 25b. 
*/ 
{ 

newjoc hypjist <— create_new_empty_listl)\ 

for each loc Jyp[i] in locjypjist do /♦ Note, "i" is a First Order Model 1224 indicator, indicating the model that output 
"hyp_loc[i]" */ 

{ 

/p/JWKe_^3fl7_//j/(locJyp[i],loc_hypJist); 

if (NOT loc Jyp[i].adjust) then /* no adjustments will be maoV to the "areajst" or the "confidence" fields since the 

"adjust" field indicates that there is assurance that these other fields are correct; note that such designations 
indicating that no adjustment are presently contemplated are only for the location hypotheses generated by 
the Home Base Station First Order Model, the Location Bale Station First Order Model and the Mobil Base 
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Slation First Order Model. In particular, locatL hypotheses from the Home Base Station model will have 
confidences of 1.0 indicating with highest confidence that the target MS is within the area estimate for the 
location hypothesis. Alternatively, in the Location\ase station model, generated location hypotheses may 
have confidences of (substantially) + 1.0 (indicatin\that the target MS is absolutely in the area for 
"area j!st"), or, -1.0 (indicating that the target MS is W in the area estimate for the generated location 
Hypothesis)^. 

{ loc Jiypfi] .image_area < ™ NULL; // no adjustment, then no "image_area" 
add_tojist(newjocjiyp_list, locJ»yp[i]); //add "loc_hyp[i]" to the new list 

} 

else /* the location hypothesis can (and will) be modified; in particular, an "image_area" may be assigned, the 

"confidence" changed to reflect a confidencVm the target MS being in the "image __area". Additionally, in some 
cases, more than one location hypothesis maAbe generated from 4< loc_hyp[i]*\ See the comments on FIG. 9 and 
the comments for H get_adjusted_loc_hyp Jifljor" for a description of the terms here. */ 

{ 

15 temp list < --- get_ad justed Joc_hypJist_for(Ioc_hyp[i]); 

newjochypjist <— r^//?^_//i/j(new_loc_hyp_list, tempjist); 

} 

RETURM(newJocJypJist); 
}EHDOF 




20 



get_adiusted_loc_hypjist_for(loc_hyp) 

/* This function returns a list (or more generally, an aggregation object) of one or more location hypotheses related to the input 
location hypothesis, "locjyp". In particular, the returned location hypotheses on the list are "adjusted" versions of "locjyp" in 
that both their target MS 140 location estimates, and confidence placed in such estimates may be adjusted according to archival MS 
25 location information in the location signature data base 1320. Mote that the steps herein are also provided in ffowchart form in Figs. 
26a through 26c. 

RETURNS: loc_hyp_list This is a list of one or more location hypotheses related to the 

input "loc Jiyp". Each location hypothesis on "loc Jiyp Jisf will typically be 
substantially the same as the input "loc Jiyp" except that there may now be a new target 
MS estimate in the field, "image_area M , and/or the confidence value may be changed to 
reflect information of verified location signature clusters in the location signature data 
base. 

Introductory Information Related to the Function, "get_ad justed Joc_hyp J ist_for" 



30 
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This function and functions called by this function presuppose a framework or paradigm that requires some discussion as well as the 
defining of some terms. Note that some of the terms defined hereinbelow are illustrated in Fig. 24. 

Define the term the "the cluster set" to be the set of all MS location point estimates (e.g., the values of the "pt_est" field 
of the location hypothesis data type), for the present FOM, such that these estimates are within a predetermined corresponding area 
(e.g., "Ioc_hyp.pt_covering" being this predetermined corresponding area) and these point estimates have verified location 
signature clusters in the location signature data base. 

Note that the predetermined corresponding area above will be denoted as the "cluster set area". 
Define the term "image cluster set" (forgiven First Order Model identified by "loc_hyp.FOM_ID") to mean the set of 
verified location signature clusters whose MS location pok estimates are in "the cluster set". 

Note that an area containing the "image cluster set" will be denoted as the "image cluster set area" or simply the 
"image area" in some contexts. Further note that the "image cluster set area" will be a "small" area encompassing the "image 
cluster set". In one embodiment, the image cluster set area will be the smallest covering of cells from the mesh for the present FOM 
that covers the convex hull of the image cluster set. Note that preferably, each cell of each mesh for each FOM is substantially 
contained within a single (transmission) area type. 

Thus, the present FOM provides the correspondences or mapping between elements of the cluster set and elements of the image 
cluster set. */ 

{ 

add JoJist(loc_hyp_list, locjyp); /* note the fields of "locjyp" may be changed below, but add *Moc_hyp" to the list, 

"locjiypjist here */ 

mesh <~ get_ celI_meshJor_nwde{\otJy$NV{J\))\ /* get the mesh of geographic cells for the First Order Model for this 

location hypothesis.*/ 

pt_min_area <~--get_/nm_area_snrronnd/ng_pi{\ozJ\y^ mesh); /* Get a minimal area about the MS location point, 

"ptjst" of "!oc_hyp[i]" indicating a point location of the target MS. Note that either the "pt_est" field must be 
valid or the "area__est" field of "locJiyp[i] M must be valid. If only the latter field is valid, then the centroid of the 
"area_est" field is determined and assigned to the "pt est" field in the function called here. Note that the mesh of 
the model may be useful in determining an appropriately sized area. In particular, in one embodiment, if 
"loc_hyp.pt est" is interior to a cell, C, of the mesh, then "pt_min_area" may correspond to C. Further note that 
in at least one embodiment, "pt_min_area" maybe dependent on the area typem\\(m which "loc_hyp.pt_est" 
resides, since sparsely populated flat areas may be provided with larger values for this identifier. Further, this 
function may provide values according to an algorithm allowing periodic tuning or adjusting of the values output, 
via, e.g., a Monte Carlo simulation (more generally, a statistical simulation), a regression or a Genetic Algorithm. 

For the present discussion, assume: (i) a cell mesh per FOM 1224; (ii) each cell is contained in substantially a 
single (transmission) area type; and (iii) "pt_min_area" represents an area of at least one cell. */ 

area < — pt_min_atea; // initialization 
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t_max_area <-'-get_mwc_ar€a_surrounding_^J^ mesh); /* Get the maximum area about "pt_est" that is 

deemed worthwhile for examining the behavior of the "loc Jyp.FOM JD" First Order Model (FOM) about "pt_est". 
Note that in at least one embodiment, this va4 of this identifier may also be dependent on the area type within 
which "lo _hyp.pt_est" resides. Further, this fusion may provide values according to an algorithm allowing 
periodic tuning or adjusting of the values output, vfiL e.g., a Monte Carlo simulation (more generally, a statistical 
simulation or regression) or a Genetic Algorithm. In sdme embodiments of the present invention, the value 
determined here may be a relatively large proportion offhe entire radio coverage area region. However, the tuning 
process may be used to shrink this value for (for example) Wious area types as location signature clusters for 
verified MS location estimates are accumulated in the loatiortaignature data base. */ 
in_clusters <~ ge^mw_^ L ofc/aster^ area); /* For the area, "area", get the minimum number 

("min ^clusters") of archived MS estimates^, desired in generating a new target MS location estimate and a related 
confidence, wherein this minimum number is likely to provide a high probability that this new target MS location 
estimate and a related confidence are meaningful enough to use in subsequent Location Center processing for outputting a 
target MS location estimate. More precisely, this toinimum number, "min_clusters," is an estimate of the archived MS 
location estimates, L, required to provide the abov&mentioned high probability wherein each L satisfies the following 
conditions: (a) L is in the area for "area"; (b) L is arWed in the location signature data base; (c) L has a corresponding 
verified location signature cluster in the location signature data base; and (d) L is generated by the FOM identified by 
"loc_hyp.FOM JD"). In one embodiment, "min clusters" may be a constant; however, in another it may vary 
according to area type and/or ar ea size (of "area"! , in sortie it may also vary according to the FOM indicated by 
^ c J i y p JOMJW r*/- 

pt _est Jag < ~ get_pt_ ests_ tbrjmp_ duster^ */(loc Jyp.FOMJD, loc_hyp.pt est, area); /* Get the MS location point 
estimates for this FOM wherein for each such estimate: (a) it corresponds to a verified location signature cluster 
(that may or may not be near its corresponding estimate), and (b) each such MS estimate is in "p t_min_area". */ 
/* Now, if necessary, expand an area initially starting with "pt_min_area" until at least 

"min_clusters" are obtained, or, until the expanded area gets too big. */ 
while ((sizeof(pt _estj)ag) < min_clusters) and (sizeof(area) < = pt_max_area) do 
{ area < — //7OTajfl(area); 

min_clusters <»- get_mm ^/7^_£?_r/tfxft?/3(loc_hyp.FOMJD, area); // update for new "area" 
pt_est_bag <^ fftjfi_mJorJm^gejdi^rj^^yi^5m^ loc hyp.pt est, area); 

} 

^f/_/»(loc_hyp.pt_covering, area); //Make "area" the "pt_covering" field 

if (sizeof(pt_est J>ag) = = 0) then /* there aren't any other FOM MS estimates having corresponding verified location 
signature clusters; so designate "locjiyp" as part of the second set as described above and return. */ 
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loc_hyp.image__area <--- NULL; // no image area for this locjiyp; this indicates second set 
RETURN(iocJypJist); 

} 

5 /* It is now assured that "pt_estj>ag" is non-empty and "area" is at least the size of a mesh 
cell. */ 

/* Now determine "image_area" field for "locjiyp" and a corresponding confidence value 
using the verified location signature clusters corresponding to the MS point estimates of 
10 "area" (equivalently, in "pt_est_bag"). */ 

/* There are various strategies that may be used in determining confidences of the "image_area" of a location hypothesis. In 
particular, for the MS location estimates (generated by the FOM of loc Jiyp.FOM JD) having corresponding verified location 
signature clusters (that may or may not be in "area"), if the number of such MS location estimates in "area" is deemed 
sufficiently high (i.e., > = "min_dusters" for "area"), then a confidence value can be computed for the i image_area" that 
15 is predictive of the target MS being in "image_area". Accordingly, such a new confidence is used to overwrite any previous 

confidence value corresponding with the target MS estimate generated by the FOM. Thus, the initial estimate generated by the 
FOM is, in a sense, an index or pointer into the archived location data of the location signature data base for obtaining a new 
target MS location estimate (i.e„ "image_area") based on previous verified MS locations and a new confidence value for this 
new estimate. 

20 Alternatively, if the number of archived FOM MS estimates that are in "area," wherein each such MS estimate has a 

corresponding verified location signature clusters (in "image_area"), is deemed too small to reliably use for computing a new 
confidence value and consequently ignoring the original target MS location estimate and confidence generated by the FOM, 
then strategies such as the following may be implemented. 

(a) In one embodiment, a determination may be made as to whether there is an alternative area and corresponding 

25 "image jirea" that is similar to "area" and its corresponding "image_area" (e.g., in area size and type), wherein a 

confidence value for the "image_area" of this alternative area can be reliably computed due to there being a sufficient 
number of previous FOM MS estimates in the alternative area that have corresponding verified location signature clusters (in 
the location signature data base). Thus, in this embodiment, the confidence of the alternative "imagearea" is assigned as the 
confidence for the "image_area" for of "area". 

30 (b) In another embodiment, the area represented by "pt_max_area" may be made substantially identical with the 

MS location service region. So that in many cases, there will be, as "area" increases, eventually be enough MS location 
estimates in the cluster set so that at least "min_clusters" will be obtained. Note, a drawback here is that "image_area" may 
be in become inordinately large and thus be of little use in determining a meaningful target MS location estimate. 
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(c) In another embodiment, denoted heprfnas the two tier strategy, both the original FOM MS location estimate and 
confidence as well as the "image _area n M^W^ a confidence are used. That is, two location hypotheses are 

provided for the target MS location, one having the FOM MS location estimate and one having the MS location estimate for 
"image_area'\ However, the confidences of each of thesp/focation hypotheses maybe reduced to reflect the resulting 
ambiguity of providing two different location hypotheses derived from the same FOM MS estimate. Thus, the computations for 
determining the confidence of 'Image jireanriy be performed even though there are less than the minimally required 
archived FOM estimates nearby to the^riginal FOM target MS estimate. In this embodiment, a weighting(s) may be used to 
weight the confidence values as jfr example, by a function of the size of the "image_duster_ser. For example, if an 
original confidence value from the FOM was 0.76 and "are;f7o?ttained only two-thirds of the minimally acceptable number, 
w min_clusters", then if the computation for a confidence (^^corresponding "imagearea" yielded a new confidence of 
0.43, then a confidence for the original FOM tai^^restimate may be computed as [ 0.76 * (1/3)] whereas a confidence for 
the corresponding "image^area^n^-computed as [0.43 * (2/3)]. However, it is within the scope of the present invention 
to use other computations fof^iod^ used here. For example, tunable system coefficients may also be 

applied to the above computed confide^^ note that some embodiments may require at least a minimal 

number of relevant verified loeatioiuigflat^clusters in the location signature data base before a location hypothesis utilizes 
the * 4 image_area" as a target MSiSJatton^stimate. 

Although an important aspect of the present invention is that it provides increasingly more accurate MS location 
estimates as additional verified location signatures are obtained (i.e., added to the location signature data base), it may be the 
case that for some areas there is substantially no pertinent verified location signature clusters in the location signature data 
base (e.g., "image_area" may be undefined). Accordingly, instead of using the original FOM generated location hypotheses in 
the same manner as the location hypotheses having target MS location estimates corresponding to "image_areas" in 
subsequent MS location estimation processing, these two types of location hypotheses may be processed separately. Thus, a 
strategy is provided, wherein two sets of (one or more) MS location estimates may result: 

(i) one set having the location hypotheses with meaningful "imageareas" as their target MS location 
estimates and 

(ii) a second set having the location hypotheses with their confidence values corresponding to the original 
FOM target MS estimates. 

Since the first of these sets is considered, in general, more reliable, the second set may used as a "tie breaker" for determining 
which of a number of possible MS location estimates determined using the first set to output by the Location Center. Note, 
however, if there are no location hypotheses in the first set, then the second set may be used to output a Location Center target 
MS location estimate. Further note that in determining confidences of this second set, the weighting of confidence values as 
described above is contemplated. . 

The steps provided hereinafter reflect a "two tier" strategy as discussed in (c) above. 

V 
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/* The following factor is analogous to the 2/3's factor discussed in (c) above. */ 
cluster_ratio factor < — min{(sizeof(pt_est Jag) / min clusters), 1.0}; 

r Now use "area" to obtain a new target MS location estimate and confidence based on 
archived verified loc sigs, but first determine whether "area" is too big to ignore the original 
target MS location estimate and confidence generated by the FOM . */ 

if (sizeof(area) > pt_max_area) then /* create a locjiyp that is essentially a duplicate of the originally input "locjiyp" 
except the confidence is lowered by "(I .0 - cluster_ratio Jactor)". Note that the original "loc Jyp" will have its 
confidence computed below. */ 

{ new_loc_hyp < ~ dup/itate(\ocJ\yp); // get a copy of the "locjiyp" 
new Joc_hyp.image_area < ~ NULL; // no image area for this new ioc_hyp 

/* Now modify the confidence of "locjiyp"; note, in the one embodiment, a system (i.e., tunable) parameter may also be 
used as a coefficient in modifying the confidence here. */ 

newJoc_hyp.confidence <— newjocjyp.confidence * (1.0 - cluster_ratioJactor) ; 
addjojist(locjypjist, new_loc_hyp); 

} 

/* Now compute the "image_area" field and a confidence that the target MS is in 
"image_area" */ 

image_duster_set get_verifiedJoc_sig_clustersJo/{^ Note, this statement gets the verified location 

signature clusters for which the target MS point location estimates (for the First Order Model identified by 
"loc Jyp.FOM JD") in "pt_est Jag" are approximations. Note that the set of MS location point estimates 
represented in "pt_est Jag" is defined as a " cluster seV hereinabove */ 
image_area <— get_area_ a?/7/3/>7//7^image_cluster_set); /* Note, in obtaining an area here that contains these verified 
location signature clusters, various embodiments are contemplated. In a first embodiment, a (minimal) convex hull 
containing these dusters may be provided here. In a second embodiment, a minimal covering of cells from the mesh 
for the FOM identified by "locJiyp.FOMJD" may be used. In a third embodiment, a minimal covering of mesh cells 
may be used to cover the convex hull containing the clusters. It is assumed hereinbelow that the first embodiment is 
used. Note, that this area is also denoted the "image cluster set are? as is described hereinabove. •/ 
j/te^_/^loc_hyp.image_area, image_area); /* Make "image_area" the "image_area" field of "loc Jyp". */ 
/* In the following step, determine a confidence value for the target MS being in the area for "image_area". */ 
confidence <~ confidence_adjuster(locJyp.FOMJD, image_area, image_cluster_set); 
/* In the following step, reduce the value of confidence if and only if the number of MS point location estimates in 
"pt_est J>ag" is smaller than "min ^clusters" */ 
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lochyp.confidence <— confidence * cluste r_ratio_factor; 
RETURM(loc_h/p_list); 

}ENDOFget_ad|usted_loc_hyp_list_for 



confidence_adjuster(FOM JD, image_area, image_cluster_set) 

/* This function returns a confidence value indicative of the target MS 140 being in the area for "image_area". Note that the 
steps herein are also provided in flowchart form in Figs. 27a and 27b. 

RETURNS: A confidence value. This is a value indicative of the target MS being located in the area 
represented by "image_area" (when it is assumed that for the related "locjyp," the "cluster set area" is the 
"loc_hyp.pt_covering" and "lochyp.FOMJD" is "FOMJD"); 

introductory Information Related to the Function, "confidence_adjuster" 
This function (and functions called by this function) presuppose a framework or paradigm that requires some discussion as well as 
the defining of terms. 

Define the term "mapped cluster density" to be the number of the verified location signature dusters in an 
"image cluster set" per unit of area in the "image cluster set area". 

It is believed that the higher the "mapped cluster density", the greater the confidence can be had that a target MS actually 
resides in the "image cluster set area" when an estimate for the target MS (by the present FOM) is in the corresponding "the 
cluster set". 

Thus, the mapped cluster density becomes an important factor in determining a confidence value for an estimated area of a 
target MS such as, for example, the area represented by "image_area". However, the mapped cluster density value requires 
modification before it can be utilized in the confidence calculation. In particular, confidence values must be in the range [-1,1] 
and a mapped cluster density does not have this constraint. Thus, a "relativized mapped cluster density" for an 
estimated MS area is desired, wherein this relativized measurement is in the range [-1, + 1], and in particular, for positive 
confidences in the range [0, 1] . Accordingly, to alleviate this difficulty, for the FOM define the term "prediction mapped 
cluster density" as a mapped cluster density value, MCD, for the FOM and image cluster set area wherein: 

(i) MCD is sufficiently high so that it correlates (at least at a predetermined likelihood threshold level) with the actual target 

MS location being in the "image cluster set area" when a FOM target MS location estimate is in the corresponding "cluster 

set area"; 

That is, for a cluster set area (e.g., "Ioc_hyp.pt_covering") for the present FOM, if the image cluster set area: has a mapped 
cluster density greater than the "prediction mapped cluster density", then there is a high likelihood of the target MS being in the 
image cluster set area. 
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It is believed that the prediction mapped cluster density will typically be dependent on one or more area types. In 
particular, it is assumed that for each area type, there is a likely range of prediction mapped cluster density values that is 
substantially uniform across the area type. Accordingly, as discussed in detail hereinbelow, to calculate a prediction mapped 
cluster density for a particular area type, an estimate is made of the correlation between the mapped cluster densities of image 
areas (from cluster set areas) and the likelihood that if a verified MS location: (a) has a corresponding FOM MS estimate in the 
cluster set, and (b) is also in the particular area type, then the verified MS location is also in the image area. 

Thus, if an area is within a single area type, then such a "relativized mapped cluster density" measurement for the area 
may be obtained by dividing the mapped cluster density by the prediction mapped cluster density and taking the smaller of: the 
resulting ratio and 1.0 as the value for the relativized mapped cluster density. 

In some (perhaps most) cases, however, an area (e.g., an image cluster set area) may have portions in a number of area 
types. Accordingly, a "composite prediction mapped cluster density" may be computed, wherein, a weighted 
sum is computed of the prediction mapped cluster densities for the portions of the area that is in each of the area types. That is, 
the weighting, for each of the single area type prediction mapped cluster densities, is the fraction of the total area that this area 
type is. Thus, a "relativized composite mapped cluster density" for the area here may also be computed by 
dividing the mapped cluster density by the composite prediction mapped cluster density and taking the smaller of: the resulting 
ratio and 1.0 as the value for the relativized composite mapped cluster density. 

Accordingly, note that as such a relativized (composite) mapped cluster density for an image cluster set area 
increases/decreases, it is assumed that the confidence of the target MS being in the image cluster set area should 
increase/decrease, respectively. */ 

r 

prediction_mapped_clu5ter_density < — 

get_composite_prediction_mapped_cluster_density_with_high_certainty 

(FOMJD, image_area); 

/* The function invoked above provides a "composite prediction cluster density" (i.e., clusters per unit area) that is 
used in determining the confidence that the target MS is in "image_area". That is, the composite prediction mapped 
cluster density value provided here is: high enough so that for a computed mapped cluster density greater than or equal 
to the composite prediction cluster density , and the target MS FOM estimate is in the "cluster set area", there is a high 
expectation that the actual target MS location is in the "image cluster set area" . */ 
max_area <— get_max_areaJor_high_certaint}{m\\Ji , image_area); /* Get an area size value wherein it is highly 
likely that for an area of size, "max_area", surrounding "image_area", the actual target MS is located therein. Note, 
that one skilled in the art will upon contemplation be able to derive various embodiments of this function, some 
embodiments being similar to the steps described for embodying the function, 

"get_composite_prediction_mapped_c!uster_density_with_high_certainty" invoked above; i.e., performing a Monte 
Carlo simulation. */ 
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/* Given the above two values, a fw/r/wconfidence va\ue for the area, "image_area'\ can be calculated based on empirical 
da^. 

There are various embodiments that may be used to determine a confidence for the "in^ama". In general, such a 
confidence should vary monotonically with (a) and (b) below; that is, the confidence should increase (decrease) with: 

(a) an increase (decrease) in the size of the area, particularly* the area is deemed close or relevant to the location of 
the target MS; and 

(b) an increase (decrease) in the size of the image cluster set (i.e., the number of verified location signature clusters in 
the area that each have a location estimate, from the FOM identified by "FOMJD", in the "cluster set" 
corresponding to the "image_cluster_set;" e.g., the "cluster set" being a "loc_hyp.pt_covering"). 

As one skilled in the art will understand, there are many functions for providing confidences that vary monotonically 
with (a) and(b) above. In particular, for the cluster set area being "loc_hyp.pt_covering\ one might be inclined to use the 
(area) size of the image cluster area as the value for (a), and the (cardinality) size of the image cluster set as the value for 
(b). Then, the following term might be considered for computing the confidence: 

(sizeof(image cluster set area) * (sizeof(image cluster set)) which, in the present context, is equal to 
(sizeof("image_area") * (sizeof("image_cluster_set")). 
However, since confidences are intended to be in the range [-1,1], a normalization is also desirable for the values 
corresponding to (a) and (b). Accordingly, in one embodiment, instead of using the above values for (a) and (b), ratios are 
used. That is, assuming for a "relevant" area, A (e.g. ( including an image cluster set area of "loc_hyp.pt_covering") that 
there is a very high confidence that the target MS is in A, the following term may be used in place of the term, 
$izeof("image_area"), above: 

min { [sizeof("image_area") / sizeof(A)], 1 .0 }. [CAM] 
Additionally, for the condition (b) above, a similar normalization may be provided. Accordingly, to provide this 
normalization, note that the term, 

(sizeof(image_area) * prediction_mapped_cluster_densiry) [CAI.I.I] 
is analogous to sizeof(A) in [CAI.I] . That is, the expression of [CAI.I.I] gives a threshold for the number of verified location 
signature clusters that are likely to be needed in order to have a high confidence or likelihood that the target MS is in the 
area represented by "image_area". Thus, the following term may be used for the condition (b): 
min {(sizeof(image_cluster_set) / 

[($izeof(image_area) * prediction_mapped_cluster_density], 1.0} 

[CAI.2] 

As an aside, note that 

sizeof(image_cluster_set) /[sizeof(imagearea) * prediction_mapped_cluster_density] 
is equivalent to 

[sizeof(image_cluster_set) / sizeof(image_area)] / (prediction_mapped_cluster_density) 
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and this latter term may be interpreted as the ratio of: (i) the mapped cluster density for "image_area" to (ii) an 
approximation of a cluster density providing a high expectation that the target MS is contained in "image area". 

Note that the product of [CAI.I] aAd [CAI.2] provide the above desired characteristics for calculating the confidence. 
However, there is no guarantee that the rknge of resulting values from such products is consistent with the interpretation 
that has been placed on (positive) confidence values; e.g., that a confidence of near 1.0 has a very high likelihood that the 
target MS is in the corresponding area. Fortexample, it can be that this product rarely is greater than 0.8, even in the areas 
of highest confidence. Accordingly, a "tuninV" function is contemplated which provides an additional factor for adjusting of 
the confidence. This factor is, for example, a function of the area types and the size of each area type in "image_area" . 
Moreover, such a tuning function may be dependent on a "tuning coefficient" per area type. Thus, one such tuning function 
may be: 



number ol area types 

min(S [tq * sizeof(area type; in "image \rea") /sizeof ("image_area")], 1.0) 



where tc, is a tuning coefficient (determined in background or off-line processing; e.g., by a Genetic Algorithm or Monte Carlo 
simulation or regression) for the area type indexed 

Note that it is within the scope of the present invention, that other tuning functions may also be used whose values may 
be dependent on, for example, Monte Carlo techniques or Genetic Algorithms. 

It is interesting to note that in the product of [CAI.I] and [CAIJ], the "image_area" size cancels out. This appears to 
conflict with the description above of a desirable confidence calculation. However, the resulting (typical) computed value: 

[sizeof(image_cluster_set)] / [max_area * prediction_mapped_cluster_density] [CAI J] 
is strongly dependent on "image_area" since "image_cluster_set" is derived from "image_area" and 
"prediction_mapped_cluster_density" also depends on "image area". Accordingly, it can be said that the product [CAI.3] 
above for the confidence does not depend on "raw" area size, but rather depends on a "relevant" area for locating the target 
MS. 

An embodiment of the confidence computation follows: 

*/ 

area_ratio <— min((sizeof(image_area) /max_area), 1.0); 
cluster_density_ratio <— 

min( ((sizeof(image_cluster_set) / [sizeof(image_area) * (predictionjnappedclusterdensity)]), 1.0 ); 
tunable_constant < — get_ confidence_ tumng_consant(\miii_m?); // as discussed in the comment above 
confidence <- (tunable_constant) * (area_ratio) * (cluster_density_ratio); //This is in the range [0, 1] 
RETURN (confidence); 
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} ENDOF confidence_adjuster 



get_composite_prediction_mapp 

5 (F0M_ID, image_area); 

/* The present function determines a composite prediction mapped cluster density by determining a composite prediction 
mapped cluster density for the area represented by "image_area" and for the First Order Model identified by "FOM ID". The 
steps herein are also provided in flowchart form in Fig. 28. 

OUTPUT: composite mapped density This is a record for the composite prediction 
10 mapped cluster density. In particular, there are with two fields: 

(i) a "value" field giving an approximation to the prediction mapped cluster density for the First 
Order Model having id, FOM JD; 

(ii) a "reliability" field giving an indication as to the reliability of the "value" field. The reliability 
field is in the range [0, 1] with 0 indicating that the "value" field is worthless and the larger the 

15 va 'ue the more assurance can be put in "value" with maximal assurance indicated when "reliability" 

is I*/ 

{ 

/* Determine a fraction of the area of "image_area" contained in each area type (if there is only one, e.g., dense urban or 
a particular transmission area type as discussed in the detailed description hereinabove, then there would be a fraction 
20 having a value of I for this area type and a value of zero for all others). */ 

composite_mapped_density <— 0; // initialization 

for each areajype intersecting "imagearea" do //"area jype" may be taken from a list of area types . 
{ /* determine a weighting for "area_type" as a fraction of its area in "image_area" */ 
intersection <~ /]7/OTffl(image_arca,5/i?^^/(area_type)); 
25 weighting < — sizeof(intersection) / sizeof(area_image); 

/* Now compute a prediction cluster density that highly correlates with predicting a location of the target MS for this 
area type. Then provide this cluster density as a factor of a weighted sum of the prediction cluster densities of each 
of the area types, wherein the weight for a particular area type's prediction cluster density is the fraction of the total 
area of "image_area" that is designated this particular area type. Note that the following function call does not 
30 utilize information regarding the location of "image_area". Accordingly, this function may access a precomputed 

table giving predication mapped cluster densities for (FOM JD, area_type) pairs. However, in alternative 
embodiments of the present invention, the prediction mapped cluster densities may be computed specifically for the 
area of "image_area" intersect "areajype". */ 
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prediction_mapped_den$ity < — get_prediction_mapped_cluster_density_for(FOM_ID, area type); 
composite_mapped_density <---composhe_mapped_den$ity + 

( weighting * prediction mapped density); 

} 

5 RETURN(composite_mapped density); _ 

} ENDOF get_compositejrediction_m^ 

get_prediction_mapped_cluster_density_for(FOMJD, area type) 
/* The present function determines an approximation to a prediction mapped cluster density, D, for 
10 an area type such that if an image cluster set area has a mapped cluster density > = D, 

then there is a high expectation that the target MS 140 is in the image cluster set area. Note 
that there are a number of embodiments that may be utilized for this function. The steps herein are also provided in flowchart 
form in Figs. 29a through 29h. 

OUTPUT: prediction_mapped__cluster_density This is a value giving an approximation to the 

15 prediction mapped cluster density for the First Order Model having identity, "FOMJD", and for the area type 

represented by w area_type M */ 
Introductory Information Related to the Function, 
"get_predication_mapped_duster_density_for" 

It is important to note that the computation here for the prediction mapped cluster density may be more intense than 
20 some other computations but the cluster densities computed here need not be performed in real time 
target MS location processing. That is, the steps of this function may be performed only periodically (e.g., once a week), for each 
FOM and each area type thereby precomputing the output for this function. Accordingly, the values obtained here may be stored in 
a table that is accessed during real time target MS location processing. However, for simplicity, only the periodically performed 
steps are presented here. However, one skilled in the art will understand that with sufficiently fast computational devices, some 
25 related variations of this function may be performed in real-time. In particular, instead of supplying area type as an input to this 
function, a particular area, A, may be provided such as the image area for a cluster set area, or, the portion of such an image area in 
a particular area type. Accordingly, wherever "areajype" is used in a statement of the embodiment of this function below, a 
comparable statement with "A" can be provided. 
{ 

30 mesh < — get_meshJoi{\mj\))\ /* get the mesh for this First Order Model; preferably each cell of "mesh" is substantially 
in a single area type. */ 
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max_nbr_simu!ations <---/^yte_^ This funaion outputs a value of the 

maximum number of simulations to perform for estimating the prediction mapped cluster 
density. Note that the output here may always be the same value such as 100. */ 
nbr_simulationsjerformed <— 0;// initialization 
5 while (nbr_simulations_performed < = max_nbr_simulations) do // determine a value for the "average mapped cluster 

density" and a likelihood of this value being predictive of an MS location. */ 

{ 

representative_ceiUiuster_5et <--- get repmemative^cell^ustensjoifrmji^ mesh); /* Note, each activation 
of this function should provide a different set of cell clusters from a covering from "mesh" of an (sub)area of 
10 "area type". There should ideally be at least enough substantially different sets of representative cell 

clusters so that there is a distinct sets of cell clusters for each simulation number, j. Further note that, in one 
embodiment, each of the "representative cell cluster sets" (as used here) may include at least a determined 
proportion of the number of cells distributed over the area type. Moreover^each cell cluster (within a 
representative cell cluster set) satisfies the following: 
15 A - The clu ster is a minimal covering (from "mesh") of a non-empty area, A, of type "areatype" ( W A" 

being referred to herein as the associated area for the cell cluster); 

B. The cells of the cluster form a connected area; note this is not absolutely necessary; however, it is preferred 
that the associated area "A" of "areajype" covered by the cell cluster have a "small" boundary with other 
area types since the "image_areas" computed below will be less likely to include large areas of other area 

20 types than "area_type;" 

C. There is at least a predetermined minimal number (> = I) of verified location signature clusters from the 
location signature data base whose locations are in the associated area "A". 

D. The cell cluster has no cell in common with any other cell cluster output as an entry in 
"representative_cell_cluster_set" . */ 

25 if (representative_cell_clusterjet is NULL) then /* another representative collection of cell clusters could not be found; so 

cease further simulation processing here, calculate return values and return */ 
break; //jump out of "simulation loop" 
else /* there is another representative collection of cell clusters to use as a simulation */ 
{ 

30 for each cel1 clu5t «r, C> in "representative_cell_clusters" do /* determine an approximation to the predictiveness of the 

mappings between: (a) cluster set areas wherein each cluster set area is an area around a (FOMJD) FOM 
estimate that has its corresponding verified location in "C" and (b) the corresponding image areas for 
these cluster set areas. Note, the location signature data base includes at least one (and preferably more) 
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location signature clusters having verified locations in each cell cluster C as per the comment at (C) above. 
*/ 

{ random list < — nwdomIy_seIect_ veriried_MSJocsJn(Z); /* select one or more verified MS 

locations from C. */ 
5 mapped_density_sum < — 0; // initialization 

for each verified location, "rand_verif_loc", in "random Jist" do /* Let X denote the MS 140 estimate by the 

present FOM of the verified location signature cluster of "rand_verifJoc M ; let CS(X) denote 
the cluster set obtained from the cluster set area (i.e. t pt_area) surrounding X; this loop 
determines whether the associated image area for the set CS(X) - X t (i.e., the image area for 
10 CS(X) without "randverifjoc") includes "rand_verif_loc"; i.e M try to predict the location 

area of "rand_verif_loc". */ 
{ loc_est < — getJoc_estJoi{xx[&jim\J>t, FOM JD); /* get the FOM MS location - 
estimate for an MS actually located at "randjrerifjoc". */ 
cluster_set < — getJoc_ests_surrounding{\Kjt% mesh); /» expand about "loc_est" until a minimal 
15 number of other location estimates from this FOM are obtained that are different from 

"locjst", or until a maximum area is reached. Note, "clusterjet" could be empty, but 
hopefully not. Also note that in one embodiment of the function here, the following functions 
may be invoked: "get_min_area_surrounding" "get_max_area_surrounding" and 
"get_min_nbr _of_clusters" (as in "get adjusted loc hyp lht _for'\ the second function 
20 of Appendix D): */ 

image_set <---^//?;^p_^cluster_set); /* "image_set" could be empty, but hopefully not »/ 
image_area <— getjmage_are^\m^j%t)\ /* get convex hull of <, image_set M . Note, "image_area" 

could be an empty area, but hopefully not. */ 
if (rand_verif_loc is in image_area) 
25 then /* this is one indication that the mapped cluster density: (sizeof[image_set]/image_area) is 

sufficiently high to be predictive */ 
predictions <— predictions + I; 
if (image_set is not empty) then 
{ 

30 density < — sizeof(image_set) / sizeof(image_area); /* Get an approximation to the mapped cluster 

density that results from "image_set" and "image__area Note, that there is no 
guarantee that "image_area" is entirely within the area type of "area type " Also 
note, it is assumed that as this mapped cluster density increases, it is more likely that 
"rndmverifjoc" is in "image_area". */ 
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mapped_density_sum <--- mapped density sum + density; 

} 

} /* end loop for predicting location of a random MS verified location in cell cluster C. */ 
total possible predictions < — sizeof(random Jist); // One prediction per element on list. 
5 /* Mow get average mapped density for the cell cluster C. */ 

avg_mapped_density[q <— mapped_density_sum /total_possible_predictions; 
/* Now get the prediction probability for the cell cluster C */ 
prediction_probability[q <-» predictions /total_possible_predictions; 
} /* end loop over cell clusters C in "representative_cell_clusters" */ 
10 nbr_simulations_performed <--- nbr__simulationsjerformed + I; 

} //end else 

/* It would be nice to use the set of pairs (avgjnapped _density[q f prediction probability [Q) for extrapolating a mapped 
density value for the area type that gives a very high prediction probability. However, due to the potentially small 
number of verified MS locations in many cells (and cell clusters), the prediction probabilities may provide a very small 
15 numbe r °f distinct values such asrO, 1/2, and I. Thus, by averaging these pairs over the cell clusters of 

"representative_cell_clusters", the coarseness of the prediction probabilities may be accounted for. */ 

avg_mapped_cluster_density[nbr_simulations_performed] <— 

av £L°L cel L imppttf_ 6fe/7J///i?j(avg map ped de nsity) ; 
avg_predirtion_probability[nbr simulations_performed] < --- 

20 avg_of_ceIf_prediaion_probabifkies(^ 
} /* end simulation loop */ 

/* Now determine a measure as to how reliable the simulation was. Mote that "reliability" computed in the next statement is in 

the range [0, 1]. */ 
reliability <— nbr_simulations_performed/max_nbr_simuiations; 
25 if (reliability < system_defined_epsilon) then /* simulation too unreliable; so use a default high value for 

"prediction_mapped_cluster_density" */ 
prediction_mapped_cluster_density < — get_default_high_density_value_for(area_type); 
else /* simulation appears to be sufficiently reliable to use the entries of "avg_mapped_cluster_density n and 
M avg jredictionjrobability" */ 



30 { 



/* A more easily discernible pattern between mapped cluster density and prediction probability may be provided by the set 
of pairs: 

s = {(avgjnapped jJuster_density[j], avgjirediction jrobabilityQ])}, so that a mapped cluster density value 
having a high prediction probability (e.g., 0.95) may be extrapolated in the next statement. However, if it is 
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determined (in the function) that the set S does not extrapolate well (due to for example all ordered pairs of S being 
clustered in a relatively small region), then a "NULL" value is returned. */ 
prediction_mapped_cluster_density <-- >7W/»/^r/w/^^^ 
avg_prediction_probability, 0.95); 
5 if ( (prediction_mapped_cluster_density = = NULL) then 

/* set this value to a default "high" v alue for the present area type*/ 

prediction_mapped_cluster_(fensity<--get_default_high_density_value_for(area_type); 
else //So both "prediction_mapped_cluster_density" and it's reliability are minimally OK. 

/* Now take the "reliability" of the "prediction_mapped_cluster_density" into account. Accordingly, as the 
10 reliability decreasesVnm the prediction mapped cluster density should be increased. However, there is a system 

defined upper limit on the value to which the prediction mapped duster density may be increased. The next 
statement is one embodiment that takes all this into account. Of course other embodiments are also possible. 
*/ 

prediction_mapped_cluster_density < — 

15 min { (prediction_mapped_cluster_density / reliability), 

got jJefault_high_density_value_for(area_type) } ; 
} // end else for simulation appearing reliable 

RETURN(prediction_mapped_ciuster_deroity); 

}ENDOFget_prediction_mapped_cluster_density_for 
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A Second Embodiment of the Context Adjuster. 

Note that in this second embodiment of the Context Adjuster, it uses various heuristics to increment/decrement the confidence 
value of the location hypotheses coming from the First Order Models. These heuristics are implemented using fuzzy mathematics, wherein 
5 linguistic, fuzzy "if-then" rules embody the heuristics. That is, each fuzzy rule includes terms in both the "if" and the "then" portions that are 
substantially described using natural language — like terms to denote various parameter value classifications related to, but not equivalent to, 
probability density functions. Further note that the Context Adjuster and/or the FOM's may be calibrated using the location information 
from LBSs (i.e., fixed location BS transceivers), via the Location Base Station Model since such LBS's have well known and accurate 
predetermined locations. 

1° Regarding the heuristics of the present embodiment of the context adjuster, the following is an example of a fuzzy rule that might 

appear in this embodiment of the Context Adjuster 

If < the season is Fall> then < the confidence level of Distance Model is increased by 5%> . 

15 the above sample rule, "Distance Model" denotes a First Order Model utilized by the present invention. To apply this sample rule, 

the fuzzy system needs a concrete definition of the term "Fall." In traditional expert systems, the term Fall would be described by a particular 
set of months, for example, September through November, in which traditional set theory is applied. In traditional set theory, an entity, in this 
case a date, is either in a set or it is not in a set, e.g. its degree of membership in a set is either 0, indicating that the entity is not in a particular 
set, or I , indicating that the entity is in the set However, the traditional set theory employed in expert systems does not lend itself well to 

20 entities that fall on set boundaries. For example, a traditional expert system could take dramatically different actions for a date of August 31 
than it could for a date of September I because August 3 1 might belong to the set "Summer 11 while the date September I might belong to the set 
"Fall." This is not a desirable behavior since it is extremely difficult if not impossible to determine such lines of demarcation so accurately. 
However, fuzzy mathematics allows for the possibility of an entity belonging to multiple sets with varying degrees of confidence ranging from a 
minimum value of 0 (indicating that the confidence the entity belongs to the particular set is minimum) to I (indicating that the confidence the 

25 entity belongs to the particular set is maximum). The "fuzzy boundaries 11 between the various sets are described by fuzzy membership 

functions which provide a membership function value for each value on the entire range of a variable. As a consequence of allowing entities to 
belong to multiple sets simultaneously, the fuzzy rule base might have more than one rule that is applicable for any situation. Thus, the actions 
prescribed by the individual rules are averaged via a weighting scheme where each rule is implemented in proportion to its minimum 
confidence. For further information regarding such fuzzy heuristics, the following references are incorporated herein by reference: (McNeil and 

30 Freiberger, 1993; Cox, 1994; Klir and Folger, 1999; Zimmerman, 1991). 

Thus, the rules defined in the fuzzy rule base in conjunction with the membership functions allow the heuristics for adjusting 
confidence values to be represented in a linguistic form more readily understood by humans than many other heuristic representations and 
thereby making it easier to maintain and modify the rules. The fuzzy rule base with its membership functions can be thought of as an extension 
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to a traditional expert system. Thus, since traditional expert systems are subsets of fuzzy systems, an alternative to a fuzzy rule base is a 
traditional expert system, and it is implicit that anywhere in the description of the current invention that a fuzzy rule base can be replaced with 
an expert system. 

Also, these heuristics may evolve over time by employing adaptive mechanisms including, but not limited to, genetic algorithms to 
5 adjust or tune various system values in accordance with past experiences and past performance of the Context Adjuster for increasing the 
accuracy of the adjustments made to location hypothesis confidence values. For example, in the sample rule presented above: 

If <the season is Fall> then <the confidence level of Distance Model is increased by 5%> 
an adaptive mechanism or optimization routine can be used to adjust the percent increase in the confidence level of the Distance Model. For 
example, by accessing the MS Status Repository, a genetic algorithm is capable of adjusting the fuzzy rules and membership functions such that 
1 0 the location hypotheses are consistent with a majority of the verified MS locations. In this way, the Context Adjuster is able to employ a genetic 
algorithm to improve its performance over time. For further information regarding such adaptive mechanisms, the following references are 
incorporated herein by reference: (Goldberg, 1989; Holland, 1975). For further information regarding the tuning of fuzzy systems using such 
adaptive mechanisms, the following references are incorporated herein by reference: (Karr, 1991a, 1991b). 
In one embodiment, the Context Adjuster alters the confidence values of location hypotheses according to one or more of the following 
1 5 environmental factors: (I) the type of region (e.g., dense urban, urban, rural, etc), (2) the month of the year, (3) the time of day, and (4) the 
operational status of base stations (e.g., on-line or off-line), as well as other environmental factors that may substantially impact the 
confidence placed in a location hypothesis. Note that in this embodiment, each environmental factor has an associated set of linguistic 
heuristics and associated membership functions that prescribe changes to be made to the confidence values of the input location hypotheses. 
The context adjuster begins by receiving location hypotheses and associated confidence levels from the First Order Models. The Context 
20 Adjuster takes this information and improves and refines it based on environmental information using the modules described below. 

B.I COA Calculation Module 

As mentioned above eacli location hypothesis provides an approximation to the MS position in the form of a geometric shape and an 
associated confidence value, a. The COA calculation module determines a center of area (COA) for each of the geometric shapes, if such a COA is 

25 not already provided in a location hypothesis. The COA Calculation Module receives the following information from each First Order Model: (I ) 
a geometrical shape and (2) an associated confidence value, a. The COA calculation is made using traditional geometric computations 
(numerical algorithms are readily available). Thus, following this step, each location hypothesis includes a COA as a single pint that is 
assumed to represent the most likely approximation of the location of the MS. The COA Calculation Module passes the following information to 
the fuzzification module: (I) a geometrical shape associated with each first order model 1224, (2) an associated confidence value, and (3) an 

30 associated COA. 

B.2 Fuzzification Module 
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A fuzzification module receives the following information from the COA Calculation Module: (I ) a geometrical shape associated with each 
First Order Model, (2) an associated confidence value, and (3) an associated COA. The Fuzzification Module uses this information to compute a 
membership function value (fj) for each of the M location hypotheses received from the COA calculation module (where the individual models 
are identified with an i index) for each of the N environmental factors (identified with a j index). In addition to the information received from 
5 the COA Calculation Module, the Fuzzification Module receives information from the Location Center Supervisor. The fuzzification module uses 
current environmental information such as the current time of day, month of year, and information about the base stations on-line for 
communicating with the MS associated with a location hypothesis currently being processed (this information may include, but is not limited to, 
the number of base stations of a given type, e.g, location base stations, and regular base stations, that have a previous history of being detected 
in an area about the COA for a location hypothesis). The base station coverage information is used to compute a percentage of base stations 
1 0 reporting for each location hypothesis. 

The fuzzification is achieved in the traditional fashion using fuzzy membership functions for each environmental factor as, for example, is 
described in the following references incorporated herein by reference: (McNeil and Freibeiger, 1993; Cox, 1994; Klir and Folger, 1999; 
Zimmerman, 1991). 

Using the geographical area types for illustration purposes here, the following procedure might be used in the Fuzzification Module. Each 

15 value of COA for a location hypothesis is used to compute membership function values (jj) for each of five types of areas: (I) dense urban 
(Mdu). ( 2 ) urban (Mu), (*) suburban fa), (4) rural plain fa,,), and (5) rural mountains fa^). These membership function values provide 
the mechanism for representing degrees of membership in the area types, these area types being determined from an area map that has been 
sectioned off. In accordance with fuzzy theory, there may be geographical locations that include, for example, both dense urban and urban 
areas; dense urban and rural plane areas; dense urban, urban, and rural plane areas, etc. Thus for a particular MS location area estimate 

20 (described by a COA), it may be both dense urban and urban at the same time. The resolution of any apparent conflict in applicable rules is 
later resolved in the Denazification Module using the fuzzy membership function values (fj) computed in the Fuzzification Module. 

Any particular value of a COA can land in more than one area type. For example, the COA may be in both dense urban and urban. Further, in 
some cases a location hypothesis for a particular First Order Model i may have membership functions ju Dl /, /^X/V, and /j^ wherein they 
all potentially have non-zero values. Additionally, each geographical area is contoured. Note that the membership function contours allow for 

25 one distinct value of membership function to be determined for each COA location (i.e., there will be distinct values of /i Dl /, /i^s./V . and 
for any single COA value associated with a particular model i). For example, the COA would have a dense urban membership function 
value, /J DU ', equal to 0.5. Similar contours would be used to compute values of /jj, jU^/V, and /J^. 

Thus, for each COA, there now exists an array or series of membership function values; there are K membership function values (K = number 
of descriptive terms for the specified environmental factor) for each of M First Order Models. Each COA calculation has associated with h a 

30 definitive value for/i w ', fi^Mf andAW- Taken collectively, the M location hypotheses with membership function values for the K 
descriptive terms for the particular environmental factor results in a membership function value matrix. Additionally, similar membership 
function values are computed for each of the N environmental factors, thereby resulting in a corresponding membership function value matrix 
for each of the N environmental factors. 
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The Fuzzification Module passes the N membership function value matrices described above to the Rule Base Module along with all of the 
information it originally received from the COA Calculation Module. 
BJ Rule Base Module 

The Rule Base Module receives from the Fuzzification Module the following information: (I) a geometrical shape associated with each Fim 
Order Model, (2) an associated confidence value, (3) an associated COA, and (4) N membership function value matrices. The Rule Base Module 
uses this information in a manner consistent with typical fuzzy rule bases to determine a set of active or applicable rules. Sample rules were 
provided in the general discussion of the Context Adjuster. Additionally, references have been supplied that describe the necessary 
computations. Suffice it to say that the Rule Base Modules employ the information provided by the Fuzzification Module to compute confidence 
value adjustments for each of the m location hypotheses. Associated with each confidence value adjustment is a minimum membership 
function value contained in the membership function matrices computed in the Fuzzification Module. 

For each location hypothesis, a simple inference engine driving the rule base queries the performance database to determine how well the 
location hypotheses for the First Order Model providing the current location hypothesis has performed in the past (for a geographic area 
surrounding the MS location estimate of the current location hypothesis) under the present environmental conditions. For example, the 
performance database is consulted to determine how well this particular First Order Model has performed in the past in locating an MS for the 
given time of day, month of year, and area type. Note that the performance value is a value between 0 and I wherein a value of 0 indicates 
that the model is a poor performer, while a value of I indicates that the model is always (or substantially always) accurate in determining an 
MS location under the conditions (and in the area) being considered. These performance values are used to compute values that are attached to 
the current confidence of the current location hypothesis; i.e., these performance values serve as the "then" sides of the fuzzy rules; the First 
Order Models that have been effective in the past have their confidence levels incremented by laije amounts while First Order Models that have 
been ineffective in the past have their confidence levels incremented by small amounts. This information is received from the Performance 
Database in the form of an environmental factor, a First Order Model number, and a performance value. Accordingly, an intermediate value for 
the adjustment of the confidence value for the current location hypothesis is computed for each environmental condition (used by Context 
Adjuster) based on the performance value retrieved from the Performance Database. Each of these intermediate adjustment values are 
computed according to the following equation which is applicable to area information: 

adjustment^ = Da- = pejfofmance_valuej * Da REG | 0N ^ 



where a is the confidence value of a participation hypothesis, performance_value is the value obtained from the Performance Database, 

n MAX . 

d %gion o a system paramrtertbat accounts for how important the information is being considered by the context adjuster. Furthermore, 
this parameter is initi^prov^^ a system start-up configuration and a reasonable value for this parameter is 

believed to be in the range 0.05 to O.I , the si^ipt-j-fepresents a particular environmental factor, and the superscript i represents a particular 
First Order Model. However, hjs^p4fn]S6rtant aspect of the present invention that this value can be repeatedly altered by an adaptive 
mechanism such as a genetotgoriffi iniprovingjfe MS location accuracy of the present invention. In this way, and because the rules are 
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"written" usingcu^^formance information as stored in the Performance Database, the Rule Module is dynamic and becomes more 
accurate wltnjjjak 

The Rule Base Module passes the matrix of adjustments to the Defuzzification Module along with the membership function value matrices 
received from the Fuzzification Module. 
B.6 Defuzzification Module 

The Defuzzification Module receives the matrix of adjustments and the membership function value matrices from the Rule Base Module. The 
final adjustment to the first Order Model confidence values as computed by the Context Adjuster is computed according to: 



such as, but not limited to, time of day, month of year, and base station coverage, there are a number of system start-up configuration 
10 parameters that can be adjusted in attempts to improve system performance. These adjustments are, in effect, adjustments computed 

depending on the previous performance values of each model under similar conditions as being currently considered. These adjustments are 
summed and forwarded to the blackboard. Thus, the Context Adjuster passes the following information to the blackboard: adjustments in 
confidence values for each of the First Order Models based on environmental factors and COA values associated with each location hypothesis. 
Summary 

15 The Context Adjuster uses environmental factor information and past performance information for each of i First Order Models to compute 
adjustments to the current confidence values. It retrieves information from the First Order Models, interacts with the Supervisor and the 
Performance Database, and computes adjustments to the confidence values. Further, the Context Adjuster employs a genetic algorithm to 
improve the accuracy of its calculations. The algorithm for the Context Adjuster is included in algorithm BE.B below: 
Algorithm BE.B: Pseudocode forthe Context Adjuster. 

20 ContextAdjuster (geometries, alpha) 

/* This program implements the Context Adjuster. It receives from the First Order Models geometric areas contained in a data structure called 
geometries, and associated confidence values contained in an array called alpha. The program used environmental information to compute 
improved numerical values of the confidence values. It places the improved values in the array called alpha, destroying the previous values in 
the process. 

25 */ 

//pseudo code forthe ContextAdjuster 

// assume input from each of i models includes a 

// geographical area described by a number of points 
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// and a confidence value alpha(i). alpha is such 
// that if h is 0.0 then the model is absolutely 
//sure that the MS is not in the prescribed area; 
// if it is 1 .0 then the model is absolutely 
// sure that the MS is in the prescribed area. 

//calculate the center of area for each of the i model areas 
fori = I to numberj)fjnodels 
calculate center of area // termed coa(i) from here on out 

// extract information from the "outside world" or the environment 

find time_of_day 
find month_of_year 
find number_of_BS_available 
find number_of__BSj r eporting 

// calculate percent_coverage of base stations 

percentjroverage = I0O.0 * (number of_BS_reporting / number of BS available) 

//use these/ = 4 environmental factors to compute adjustments to the i confidence values 
//associated with the i models - alpha(i) 
fori = I to number_of_models //loop on the number of models 
forj = I to number_env_factors //loop on the number of environmental factors 
fork = I to numbered Juzzy_classes //loop on the number of classes 



// calculate mu values based on membership function definitions 

calculate mu(ij,k) values 

//go to the performance database and extract current performance information for each of the i 
//models, in the k fuzzy classes, for the j environmental factors 

fetch performance(ij ( k) 

// calculate the actual values for the right hand sides of the fuzzy rules 

delta alpha(ij,k) = performance(ij,k) delta_alpha_max(j) 
// detta_alpha_max(j) is a maximum amount each environmental 
// factor can alter the confidence value; it is eventually 



// used for each of the environmental 



//factors 
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//determined by a genetic algorithm 

//compute a weighted avenge; this is traditional fuzzy mathematics 

delta_alpha(i,j,k) = sum[mu(i,j,k) * delta_a!pha(ij f k)/sum[mu(ij,k)] 



end loop on k // number of fuziy classes 

// compute final delta_alpha values 

deta_alpha(i) — sum[deita_alpha(ij)] 
10 end loop on j // number of environmental factors 
alpha(i) + = delta_alpha(i) 
end loop on i // number of models 

//send alpha values to blackboard 

15 send delta_aipha(i) to blackboard 

//see if it is time to interact with a genetic algorithm 

if (injrogress) 

then continue to calculate alpha adjustments 
20 else 

call the genetic algorithm to adjust alphamax parameters and mu functions 



5 
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APPENDIX E: Historical Data Confidence Adjuster Program 

Historical_data_confidence_adjuster(loc_hyp) 

/* This function adjusts the confidence of location hypothesis, "locjyp", according to how well its location signature cluster fits with verified 
5 location signature clusters in the location signature data base. */ 
{ 

mesh < ~ getmesh_ /&/(loc_hyp.FOMJD); //each FOM has a mesh of the Location Center service area 
covering < - get_mesh_ covering of_W_estfm3teJo4}oc_hyp); /* get the cells of "mesh" that minimally cover the most 
pertinent target MS estimate in "locjyp". */ 
10 total_per_unit_error < — 0; // initialization 

for each cell, C ( of "covering" do /* determine an error measurement between the location signature cluster of "locjyp" and 

the verified location signature clusters in the cell */ 

{ 

centroid < — get__ centroid£)\ 

15 error_obj < — DB_Loc_Sig_Error_Fit(centroid, C, loc_hyp.!oc_sig cluster, "USE ALL LOC SIGS IN 

DB"); 

/* The above function call computes an error object, "error_obj" t providing a 
measure of how similar the location signature cluster for M loc Jiyp" is with the verified 
location signature clusters in the location signature data base, wherein the verified 
20 location signature clusters are in the area represented by the cell, C. See APPENDIX C 

for details of this function.*/ 
total_per_unit_error <— total_per_unit_error + terror_obj.error*error_obj.confidence/sizeof(C)]; 

/* The above statement computes an "error per unit of cell area" term as: 
[errorj>bj.error * error_obj.confidence / sizeof(G)], wherein the error is the term: 
2d errorj)bj.error * error_obj.confidence. Subsequently, this error per unit of cell 

area term accumulated in "total_relative_error" */ 

} 

avg_per_unit_error <-- totaljer_unit_error/nbr_cells_in(mesh); 

/* Now get a tunable constant, "tunable_constant", that has been determined by the Adaptation Engine 1382 
30 ( shown in f'g s - 5. 6 and 8), wherein "tunable_constant" may have been adapted to environmental characteristics. */ 

tunable_constant < — /Jer_/to7fii^ loc_hyp); 

/* Now decrement the confidence value of "locjyp" by an error amount that is scaled by "tunable ^constant" 

*/ 
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loc_hyp.confidence < — loc_hyp.confidence - [avg_per_unit_error * sizeof(covering) * tunable_constant]; 
RETURN (locjyp); 

}ENDOF Historical_data_confidence_adjuster 
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